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PREFACE 


The  Board  of  Directors  of  the  Gray  Iron  Founders’  Society, 
in  authorizing  the  publication  of  this  Handbook,  recognized  that  many 
persons  are  not  entirely  familiar  with  the  important  place  that  gray  and 
ductile  iron  castings  have  in  our  economy.  The  Handbook  is  designed 
to  be  of  value  and  assistance  to  engineering  students,  as  well  as  to  the 
engineering,  purchasing,  and  management  personnel  of  organizations 
that  use  the  fourteen  million  tons  of  gray  and  ductile  iron  castings  pro- 
duced annually. 

Thousands  of  technical  papers,  lectures  and  magazine  articles 
have  recorded  the  significant  technological  accomplishments  and  pro- 
gress made  through  many  years  of  metallurgical  research  and  casting 
process  development  by  the  gray  iron  industry.  However,  not  until  now 
have  the  best  of  these  been  compiled  into  one  concise  volume.  All  data 
and  information  contained  herein  have  been  reviewed  by  the  Gray  Iron 
Founders’  Society  Handbook  Committee  and  other  well-qualified  and 
competent  individuals. 

After  several  years  of  concerted  effort  on  the  part  of  a number 
of  individuals  and  research  organizations,  we  offer  what  we  firmly  believe 
is  an  accurate,  complete,  and  up-to-date  handbook  on  gray,  ductile 
(nodular),  white,  and  high  alloy  iron  castings.  Although  the  library 
searches  were  thorough,  it  is  recognized  that  inadvertent  omissions  may 
have  been  made;  the  Society  will  be  grateful  for  any  comments  or  con- 
structive criticisms. 

Special  recognition  and  much  credit  is  given  to  Charles  O. 
Burgess,  whose  untimely  death  was  a tremendous  loss  to  the  Society, 
and  to  his  great  host  of  friends  and  associates.  Mr.  Burgess  did  all  of  the 
early  organizational  work  on  the  Handbook,  and  personally  wrote  the 
second,  sixth,  seventh,  and  ninth  chapters.  We  are  also  indebted  to  his 
son,  Charles  O.  Burgess,  Jr.,  who  assisted  his  father,  and  aided  in  much 
of  the  early  work  on  the  book. 

To  Mr.  Charles  F.  Walton  goes  the  greatest  credit.  He  joined 
the  Society  Staff  in  June  1954,  and  very  ably  assumed  the  burden  as 
Technical  Director.  His  was  the  responsibility  of  completing  this  first 
Gray  Iron  Castings  Handbook,  and  he  has  done  a remarkable  job  with 
a difficult  and  often  tedious  task. 
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Invaluable  assistance  on  the  text  was  given  by  the  following: 

Dr.  Franz  R.  Brotzen,  Rice  Institute:  Conducted  the  extensive 
library  search,  organized  the  material,  and  assisted  in  the 
writing  of  “The  Properties  of  Gray  Iron.”  He  also  contributed 
substantially  to  “Heat  Treatment  of  Gray  Iron.” 

John  L.  Carter,  Cost  Consultant,  G.I.F.S. : Provided  material 

for  “Specifying  and  Purchasing.”  I 

John  H.  Culling,  Carondelet  Foundry  Company:  Prepared 

the  original  script  on  “The  Properties  of  White  and  High  ‘ 

Alloy  Irons.” 

Dr.  Edward  B.  Evans,  Case  Institute  of  Technology:  Assisted 
with  the  “Properties  of  Ductile  Iron.” 

Professor  John  F.  Wallace,  Case  Institute  of  Technology: 

Assisted  with  the  entire  “Properties”  chapter,  and  “Glossary 
of  Terms.” 

Donald  H.  Workman,  Executive  Vice  President,  G.I.F.S.;  i 

Conducted  the  research,  organized,  and  wrote,  “Gray  Iron,  Old 

as  Antiquity,  New  as  Tomorrow.”  ( 

Battelle  Memorial  Institute:  Organized  the  material  and 
assisted  in  writing  “Design  of  Gray  Iron  Castings.” 

British  Cast  Iron  Research  Association:  Provided  technical 
data. 

Metcut  Research  Associates:  Organized  the  material  and 
assisted  in  writing  “Machining  and  Grinding.” 

G.I.F.S.  Terms  & Conditions  of  Sale  Committee:  assisted 
with  “Specifying  and  Purchasing.” 

The  following  members  of  the  Technical  Committee,  who 
worked  harmoniously  with  the  Handbook  Committee  in  giving  of  their 
time  and  valuable  knowledge  of  the  industry  also  deserve  a tremendous 
amount  of  credit.  Without  their  help  this  book  would  not  have  been 
complete: 

Hyman  Bornstein,  (retired — Deere  & Co.) 
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CHAPTER  ONE:  GRAY  IRON -OLD  AS 
ANTIQUITY,  NEW  AS  TOMORROW 

It  is  interesting  to  relate  that  among  the  first  industrial 
plants  to  be  built  in  America  was  a gray  iron  foundry.  From  that  early 
and  auspicious  beginning  the  gray  iron  foundry  industry  has  grown 
with  our  country  and  now  stands  as  the  second  largest  branch  of  the 
entire  metal-producing  field.  According  to  government  tabulations, 
nearly  90%  of  the  50,000  companies  in  the  metalworking  industries 
utilize  gray  iron  castings  in  their  manufacturing  operations.  Thus,  in 
our  daily  routine  we  continually  encounter  objects  made  of  or  by 
means  of  this  remarkable  metal,  which  has  been  so  important  and 
useful  to  mankind  for  over  2,000  years.  Gray  iron  enables  us  to  raise 
and  process  our  food,  to  erect  our  homes  and  buildings,  to  remove 
from  the  earth  and  process  vital  ores  and  fuels,  and  to  transport 
freight  and  passengers  by  land,  sea,  and  air. 

Gray  iron  is  the  material  used  for  countless  familiar  items 
such  as  kitchen  and  bathroom  sinks,  bath  tubs,  typewriter  and  cash 
register  frames,  refrigerators  and  air  conditioner  compressors,  agri- 
cultural and  construction  equipment,  electric  motors,  machine  tools, 
machinery,  equipment  for  street  and  highway  utilities,  and  automo- 
bile parts  such  as  cylinder  blocks,  heads,  pistons  and  rings,  manifolds, 
brake  drums,  and  crankshafts. 

Gray  iron  has  been  useful  to  almost  every  American  inven- 
tor, either  as  components  of  his  products,  or  of  the  machinery  to  pro- 
duce them.  The  same  is  true  for  nearly  all  manufacturing  industries. 

Many  outstanding  uses  of  this  metal  in  machinery  and 
architecture  could  be  cited;  however,  a simple  list  of  industrial  appli- 
cations would  require  dozens  of  pages.  The  large  number  of  important 
engineering  and  mechanical  characteristics  of  this  useful  material, 
which  can  be  cast  in  desired  sizes  and  shapes,  has  made  it  a perennial 
favorite  with  design  engineers.  Today  75%  of  all  castings  weightwise 
are  of  the  gray  iron  family.  The  original  material  has  been  developed 
into  a whole  family  of  high-carbon  casting  alloys,  including  ductile 
(nodular)  irons,  white  irons,  and  high  alloy  irons,  as  well  as  a series 
of  gray  irons  with  a wide  range  of  properties. 

A.  LOOKING  BACK  2,000  YEARS  ...  It  was  many  years  after  the  dis- 
covery of  the  comparatively  simple  process  of  casting  gold,  copper, 
and  bronze  that  man  finally  developed  the  means  of  producing  liquid 
iron  that  could  be  cast. 

The  earliest  successful  iron  founding  may  be  credited  to  the 
ancient  civilizations  which  occupied  the  plains  of  Mesopotamia  many 
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centuries  before  Christ.  Here  the  Babylonians,  Assyrians,  and  Chal- 
deans evolved  metallurgical  knowledge  in  connection  with  this  great- 
est of  all  cast  metals  which,  through  the  years,  appears  to  have  been 
lost  and  rediscovered  several  times  by  these  early  people. 

Although  the  Greeks  and  Romans  of  ancient  times  under- 
stood, to  a limited  degree,  the  art  of  casting  iron,  their  early  appli- 
cations did  not  compare  with  the  extensive  development  of  cast  iron 
in  China. 


There  is  ample  evidence  that  the  Chinese  capitalized  on 
the  early  evolutionary  work  which  undoubtedly  was  passed  along  to 
them  by  migrating  Mesopotamian  craftsmen.  The  Chinese  became  the 
first  people  to  produce  iron  castings  successfully  and  regularly  on 
what  might  be  called  a truly  commercial  basis.  Ancient  records  indi- 
cate that  the  Chinese  were  making  iron  castings  as  early  as  the  6th 
century  before  Christ.  For  example,  one  ancient  document  refers  to  a 
6th  century  B.C.  requisition  for  600  pounds  of  iron  for  casting  a 
tripod  on  which  the  criminal  code  was  to  be  inscribed.  Some  authori- 
ties believe  it  quite  possible  that  iron  was  being  cast  in  China  several 
centuries  earlier. 

The  rapid  advances  in  iron  founding  made  by  the  Chinese 
were  largely  due  to  their  improved  melting  equipment  and  to  their 
abundant  supply  of  the  necessary  raw  materials. 

Wrought  iron  had  been  known  to  early  civilizations  for 
several  thousand  years  before  Christ.  The  early  crude  furnaces  re- 
duced impure  bog  ores  to  a molten,  spongy  mass  which  could  be  forged 
into  various  shapes  for  weapons  and  crude  agricultural  implements. 
The  Chinese,  however,  by  creating  greater  air  draft,  by  means  of  box- 
bellows,  and  by  holding  the  iron  ore  longer  at  high  temperatures  in 
contact  with  charcoal,  were  able  to  produce  a liquid  iron  suitable  for 
pouring  into  prepared  molds.  To  increase  the  fluidity  of  the  molten 
metal,  the  Chinese  were  known  to  add  animal  or  human  bones  as  a 
source  of  phosphorus. 

For  many  centuries  the  Chinese  led  the  field  in  casting  iron 
for  various  useful  items  such  as  cooking  stoves,  kitchen  utensils,  bells, 
agricultural  implements  and  tools,  vessels,  and  similar  objects. 

Several  expeditions  into  China  have  yielded  excellent  ex- 
amples of  early  Chinese  castings.  Unfortunately,  it  appears  that  most 
of  the  old  castings  of  a utilitarian  nature,  such  as  household  and  agri- 
cultural items,  found  their  way  back  to  the  furnaces  for  remelting 
when  no  longer  useful.  Itinerant  foundrymen  were  known  to  roam  the 
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Fig.  1.  Ancient  Chinese  Stove  Produced  During  Han  Dynasty  (A.D.  25-220)  — 
Courtesy  Field  Museum,  Chicago,  Illinois. 


countryside  with  portable  melting  equipment,  remelting  and  replacing 
farmers’  broken  tools,  rice  bowls,  and  similar  items. 

Some  ancient  castings  with  religious  significance  were  pre- 
served, and  have  been  found  in  good  condition.  What  is  believed  to  be 
the  oldest  existing  casting  is  an  ancient  cast  iron  Chinese  burial  cook- 
ing stove.  Although  the  exact  date  of  the  casting  is  unknown,  the  writ- 
ing on  the  stove  is  declared  to  be  typical  of  the  Han  Dynasty,  which 
places  it  near  the  advent  of  the  Christian  era.  Other  fine  specimens 
have  been  found  bearing  precise  dates.  The  earliest,  a pair  of  small 
recumbent  lions,  were  cast  in  502  A.D. 

Today,  tourists  are  impressed  by  the  cast  iron  roofs  found 
on  various  Chinese  temples,  some  of  which,  although  a thousand  years 
old,  appear  to  be  in  first  class  condition.  Another  attraction  is  one  of 
the  largest  iron  castings  ever  made  — an  image  of  a lion,  dated  953 

A. D.  This  hollow  casting,  20  feet  high  and  16  feet  long,  still  stands  in 
the  yard  of  the  Kai-Yuan  Monastery  near  Ts’ang-Chou. 

B.  MEDIEVAL  IRONS  . . . Iron  founding  progress  in  China  tapered  off 
in  about  the  11th  or  12th  century.  The  scene  then  shifted  to  the  Euro- 
pean countries,  principally  Germany,  Belgium,  France,  Sweden,  and 
England,  and  to  some  extent  Italy,  where  some  of  the  first  foundry 
data  ever  published  are  contained  in  a book  written  by  the  Italian 
master  founder,  Biringuccio,  in  about  1400  A.D. 
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European  iron  founding  dates  largely  from  the  12th  cen- 
tury. With  the  advent  of  such  innovations  as  the  blast  furnace,  cupo- 
las, and  better  fuels,  continuous  progress  was  achieved.  Even  as  late 
as  the  1600’s  iron  was  considered  a luxury  item,  and  during  the  Middle 
Ages  was  in  a class  with  gold  and  precious  stones.  It  is  an  astonishing 
fact  that  during  the  reign  of  Edward  III  iron  pots  and  skillets  were 
numbered  among  the  royal  jewels. 

During  these  times,  the  foundry  industry  was  kept  alive 
largely  by  the  bell  and  gunfounders,  who  were  capable  of  producing 
either  item  depending  on  the  war  or  peace-time  demands  of  their  prod- 
ucts. Although  considerable  gunshot  and  cannon  had  been  produced 
earlier,  it  was  not  until  the  16th  century  that  Peter  Baude,  a French- 
man, and  Iron  Master  Hugget,  an  English  foundryman,  first  success- 
fully produced  cast  iron  on  a truly  commercial  scale. 

In  England,  gunfounding  became  a thriving  industry,  and 
reached  its  peak  during  the  reign  of  Queen  Elizabeth.  The  less  expen- 
sive cast  iron  guns  withstood  greater  charges  of  explosives  than  the 
earlier  types  of  construction.  Spain  ordered  over  2400  cast  iron  cannon 
to  outfit  her  great  Armada,  in  1588.  Cast  iron  cannon,  often  founded 
at  the  site  of  a seige  and  later  abandoned,  became  important  military 
weapons  through  the  Napoleonic  Wars. 


Fig.  2.  Collection  of  18th  Century  Cast  Iron  Cooking  Utensils.  As  early  as  the  16th 
century  a Belgian  foundry  was  producing  these  as  thin  as  Yi 2 inch,  with  only  0.40% 
silicon  in  the  iron.  Also  a Cast  Iron  Ornamental  Fireback. 
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Fig.  3.  Cast  Iron  Water 
Pipe  Laid  in  1644  to  Sup- 
ply the  Fountains  of  Ver- 
sailles Are  Still  in  Use 
After  Over  400  Years  of 
Service.  The  “LF”  is  for 
Louis  (XIV)  of  France. 


Pig  iron  was  first  introduced  for  remelting  purposes  at  the 
close  of  the  15th  century.  Also,  during  this  period  cast  iron  pipe  first 
provided  a new  and  economical  means  of  delivering  pure  water  and  of 
carrying  away  sewage.  The  first  known  use  of  cast  iron  pipe  was  a 
line  laid  in  1455  which  supplied  Dillenburg  Castle  in  Germany.  An- 
other notable  example  is  a line  installed  in  1562,  at  Langensalza, 
which  today  continues  to  supply  the  Jacobie  and  Rothans  fountains 
after  nearly  400  years  of  dependable  service ! Visitors  to  Versailles 
may  examine  cast  iron  pipe  laid  in  1644  during  the  Reign  of  Louis 
XIV,  and  which  is  still  in  service. 

By  the  16th  and  17th  centuries,  the  average  householder 
was  in  a position  to  use  and  enjoy  this  increasingly  useful  and  eco- 
nomical metal.  Pipe,  bells,  firebacks,  stoves,  kitchen  utensils,  tools,  and 
many  other  products  were  improving  living  standards  in  the  European 
countries. 


Other  improvements  added  further  impetus  to  more  wide- 
spread use  of  this  material.  The  stripping  of  great  forests  for  char- 
coal fuel  was  seriously  threatening  the  growth  of  this  new  industry. 
However,  in  the  18th  century  Abraham  Darby  successfully  used  coke 
at  Colebrookdale,  England.  This  superior  fuel  helped  in  meeting  the 
ever-growing  demand  for  cast  iron  products.  Foundrymen  found  that 
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coke,  which  was  stronger  than  charcoal,  could  carry  a heavier  burden 
and  could  also  be  blown  with  more  air,  resulting  in  a faster  reduction 
of  the  ores.  By  the  turn  of  the  18th  century,  foundrymen  were  employ- 
ing improved  blast  furnaces  for  producing  “direct  furnace”  castings, 
as  well  as  pig  iron  for  later  remelting. 

Because  of  the  high  carbon  content  of  direct  furnace  metal, 
and  because  of  the  lack  of  structural  uniformity,  the  resulting  cast- 
ings still  were  metallurgical^  unfitted  for  numerous  potential  cast 
iron  applications.  These  conditions  made  it  imperative  that  improved 
chemical  and  metallurgical  control  be  developed.  This  last  important 
stage  in  the  industry’s  primary  development  was  finally  achieved  late 
in  the  18th  century,  when  John  Wilkinson  of  England  introduced  the 
forerunner  of  the  modern  cupola.  Wilkinson’s  cupola  employed  James 
Watt’s  newly  invented  steam  engine  to  furnish  a more  reliable  and 
stronger  blast  of  air  and  this,  in  conjunction  with  blast  furnace  pig 
iron  instead  of  ore  and  coke  as  fuel,  paved  the  way  for  tremendous 
new  markets  — one  of  which  was  the  new  steam  engine  industry  it- 
self. The  steam  engine,  in  turn,  led  to  other  industrial  developments 
and  products  requiring  heavy  tonnages  of  gray  iron  castings. 

Before  leaving  the  European  scene,  special  mention  must 
be  made  of  the  famous  Berlin  cast  iron,  first  produced  in  1775.  This 
era,  which  lasted  for  about  50  years,  brought  forth  many  beautiful 
objects  of  art,  many  of  which  have  been  preserved  in  the  Lamprecht 
Collection,  now  on  display  at  the  Birmingham  Museum  of  Art,  on  loan 


Fig.  4.  Examples  of  Famous  Berlin  Cast  Iron  Objects  of  Art — 18th  Century — From 
the  Lamprecht  Collection — Courtesy  of  American  Cast  Iron  Pipe  Company,  Birm- 
ingham, Alabama. 
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from  the  American  Cast  Iron  Pipe  Company,  Birmingham,  Alabama. 
It  was  during  this  period  that  many  advances  were  made  in  the  art  of 
sand  molding  and  patternmaking.  Uniform  castings  became  a reality. 

By  the  19th  century,  gray  iron  was  firmly  intrenched  as 
the  leading  metal  as  regards  tonnage  produced.  Engineers  in  old  and 
new  industries  were  using  gray  iron  whenever  durability  and  other 
exceptional  characteristics  were  required. 

C.  GRAY  IRONS  IN  AMERICA  ...  It  was  nearly  40  years  after  Sir  Wal- 
ter Raleigh  discovered  iron  ore  in  the  Carolinas  that  an  imported  crew 
of  British  melters  and  foundrymen  finally  built  a blast  furnace  near 
Falling  Creek,  Virginia,  in  1622.  Before  the  fortunes  of  this  venture 
were  known,  the  entire  force  was  massacred  by  the  Indians.  Further 
efforts  at  this  location  were  abandoned. 

The  first  iron  casting  made  in  America  was  produced 
twenty  years  later  at  the  Saugus  Iron  Works,  near  Lynn,  Massa- 
chusetts, shortly  after  its  establishment  in  1642.  It  was  here  that  mas- 
ter molder  Joseph  Jenks  cast  the  now  famous  “Saugus  Pot,”  which 
weighed  about  four  pounds  and  held  about  a quart.  This  historic  cook- 
ing kettle  was  presented  to  the  City  of  Lynn  by  John  Hudson  in  1892. 

It  is  significant  that  the  Saugus  Iron  Works  was  the  second 
industrial  plant  built  in  America.  The  plant  was  established  near  local 
iron  ore  deposits,  and  it  met  the  demand  for  better  tools  and  household 
implements  made  of  cast  iron.  Skilled  foundrymen  were  imported  from 
England  to  operate  this  first  successful  plant,  which  soon  was  pro- 
ducing nearly  eight  tons  of  iron  per  week. 

This  first  American  foundry  failed  in  1688,  because  of 
public  objections  to  the  loss  of  forests  for  charcoal.  However,  others 
had  sprung  up  in  Massachusetts,  and  by  the  turn  of  the  century  there 
were  at  least  a dozen  foundries  operating  in  the  Boston  area.  Taunton, 
Massachusetts,  became  famous  as  a great  New  England  stove  manu- 
facturing city.  Massachusetts,  the  first  foundry  state,  held  the  lead  in 
the  foundry  industry  for  nearly  a century. 

It  was  not  long  before  foundries  appeared  in  Connecticut, 
Rhode  Island,  New  Jersey,  Virginia,  the  Carolinas,  Pennsylvania,  and 
Maryland.  Just  as  today,  the  foundries  had  principally  local  markets, 
supplying  neighboring  farmers  and  industries  with  their  cast  iron 
requirements.  Cast  iron  cooking  utensils,  stoves,  firebacks,  tools, 
and  agricultural  implements  were  in  great  demand  and  the  industry 
thrived  and  grew. 
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Fig.  5.  The  18th 
Century  Franklin 
Stove,  Described 
by  Franklin  as  the 
“newly  invented 
Pennsylvania  iron 
fireplace.”  — 
Courtesy  of  The 
Bucks  County 
Historical  Socie- 
ty, Doylestown, 
Pa. 


New  products,  easily  standardized  and  duplicated  in  quan- 
tities by  the  casting  method,  were  becoming  available.  One  of  the  first 
items  made  of  assembled  gray  iron  components  and  produced  in  profit- 
able quantities  was  the  popular  Franklin  Stove,  conceived  by  Benja- 
min Franklin  in  1742.  First  made  by  the  Warwick  Furnace  in  Pennsyl- 
vania, the  design  was  copied  and  reproduced  in  scores  of  American 
foundries. 

By  the  middle  of  the  18th  century,  the  American  iron  in- 
dustry had  become  a real  threat  to  England’s  profitable  colonial  ex- 
port business.  In  1750,  in  order  to  protect  her  markets,  the  English 
Government  made  laws  which  required  American-made  pig  iron  to  be 
shipped  to  England  to  be  cast  into  finished  products.  Because  of  this 
crippling  measure,  there  was  little  further  foundry  expansion  in  the 
colonies  until  they  became  free  States.  These  burdensome  restrictions 
are  believed  to  have  furnished  one  of  the  important  provocations 
which  finally  led  to  the  Revolutionary  War. 

When  war  struck,  the  foundry  industry  played  a leading 
role  and,  as  in  subsequent  wars,  was  indispensable  in  the  struggle  for 
independence.  Foundrymen  were  generous  financially  and  were  active 
politically.  A number  of  foundrymen  became  outstanding  military 
leaders.  Colonel  George  Taylor  of  the  Durham  Iron  Works  produced 
the  first  gunshot  for  the  Continental  Army  in  1775,  and  thereafter  the 
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industry  furnished  a steady  flow  of  cannon,  guns,  and  ammunition  to 
General  Washington’s  troops.  Colonel  Taylor,  and  five  other  prominent 
foundrymen,  signed  the  Declaration  of  Independence  in  1776. 

By  the  close  of  the  18th  century,  practically  all  of  the 
states  had  iron  foundries,  some  being  established  west  of  the  Alle- 
ghenies in  Pennsylvania,  Kentucky,  and  Tennessee. 

The  majority  of  Pennsylvania  iron  foundries  established 
blast  furnaces  which  were  capable  of  producing  pig  iron  for  either 
later  refining,  or  for  direct-furnace  castings  which  were  in  great  de- 
mand. The  famous  Reading,  Warwick,  and  Cornwall  furnaces  were 
each  capable  of  producing  25  to  30  tons  of  iron  a week,  either  in  the 
form  of  pig  iron  or  castings. 

The  19th  century  brought  many  improvements  in  the  iron 
foundry  business.  After  satisfactory  coking  coals  became  available, 
this  superior  fuel  was  successfully  used  in  1835  in  a Pennsylvania 
furnace.  Labor  saving  equipment  and  devices  began  to  appear,  such 
as  the  first  molding  machine,  and  shortly  thereafter,  the  first  jolt 
machine.  The  drop  bottom  cupola  was  introduced  in  New  England  and 
other  modern  improvements  were  made  in  the  early  Wilkinson  cupola 
which  further  improved  quality  control  for  better  gray  iron  castings. 
For  over  300  years  this  first  American  industry  has  been  improving 
its  skills  and  resources,  and  has  proved  to  be  vital  in  peace  and  war. 

Today  engineers  recognize  gray  iron  for  outstanding  engi- 
neering characteristics,  which  are  unique  and  which  cannot  be  ob- 
tained by  using  any  other  material. 

Shipments  of  gray  and  ductile  (nodular)  iron  castings, 
from  over  2,000  foundries  in  the  United  States,  now  amount  to  about 
14  million  tons  annually.  The  increasing  use  of  ductile  iron,  and  the 
constant  development  of  new  foundry  processes  and  techniques  herald 
an  even  brighter  outlook  for  the  industry. 
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CHAPTER  TWO:  ADVANTAGES 
OF  IRON  CASTINGS 

INTRODUCTION 

A review  of  the  advantages  of  gray  and  ductile  (nodular)  iron  cast- 
ings is  important  for  three  reasons: 

1.  Recent  technical  developments  have  greatly  widened  the  range 
of  properties  available  in  iron  castings  — even  to  the  extent 
of  providing  ductility.* 

2.  Less  is  being  taught  in  engineering  schools  about  specific  ma- 
terials and  processes ; and  with  commercial  promotion  of  new 
materials  and  techniques  on  the  increase,  the  real  value  of 
gray  iron  castings  and  the  many  potential  applications  where 
they  serve  best  may  be  overlooked. 

3.  Economically,  today’s  trends  favor  the  casting  process,  and 
gray  irons  in  particular.  In  Design — valuable  engineering  time 
may  be  saved  in  designing  for  a casting.  In  Purchasing — many 
raw  materials  and  most  other  component  parts  are  rising  in 
price  faster  than  gray  iron  castings.  In  Manufacturing — the 
greatest  strides  in  automation  are  being  made  in  the  processing 
of  components;  castings  fit  well  into  this  picture  and  also  in 
assembly,  where  a single  casting  may  replace  several  other 
forms. 

Added  to  this  is  the  general  up-grading  of  gray  iron  foundries  and 
the  controls  they  use  to  produce  iron  to  exact  specifications.  Better, 
closer-tolerance  castings  are  available  today. 

The  best  method  of  producing  each  component  part — whether  by 
casting,  welding,  forging,  stamping  or  machining — may  spell  the  dif- 
ference between  success  or  failure  in  the  market  place.  Thus,  to  keep 
abreast  of  competition,  the  designer  and  engineer  should  keep  fully 
informed  on  current  production  processes  and  the  advantages  of  dif- 
ferent materials. 

An  attempt  will  be  made  here  to  describe  the  casting  method  on  the 
basis  of  three  points  normally  of  maximum  interest  to  designers: 

I.  Improved  operational  or  functional  quality  which  may  be  im- 
parted to  the  product  by  use  of  the  casting  process. 

II.  Economic  advantages  of  the  casting  process  as  a manufac- 
turing method. 

III.  Gray  iron  versus  other  cast  metals. 

*Some  of  the  properties  of  ductile  (nodular)  iron  castings  are  more  characteristic 
of  steel  than  they  are  of  traditional  gray  iron,  and  thus  this  new  metal  is  often 
considered  apart  from  gray  irons.  However,  ductile  iron  is  produced  in  the  same 
cupola  furnace  as  are  white  irons,  alloy  irons,  and  regular  gray  irons,  and  the 
molds  for  all  of  these  are  made  with  the  same  materials  and  equipment.  This  grow- 
ing family  of  cast  irons  is  considered  here  collectively,  although  each  type  does  not 
possess  the  various  advantages  to  the  same  degree.  Their  individual  attributes  are 
discussed  in  detail  in  the  chapter  on  “Properties.” 
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I.  FUNCTIONAL  ADVANTAGES  CONFERRED  BY 
THE  CASTING  PROCESS 

Typical  product  requirements  are  listed  below  that  immediately  sug- 
gest the  use  of  casting  rather  than  other  production  methods.  Specific 
illustrations  and  tables  drawn  from  commercial  practice  are  included 
as  examples  of  how  castings  have  met  such  requirements.  Gray  iron 
castings  have  been  selected  as  illustrations  since  the  characteristics 
of  gray  iron  permit  maximum  utilization  of  the  normal  advantages 
associated  with  casting. 

A.  Rapid  translation  of  a projected  design  into  a finished  product  . . . 

Essentially,  the  casting  process  involves  pouring  molten  metal  into  a 
cavity  representing  the  final  dimensions  of  a desired  product,  either 
exactly,  or  within  close  tolerances.  It  is  the  most  direct  and  simplest 
production  method  available  to  industry. 

Fig.  1 illustrates  this  direct  production  step  in  the  case  of  a mod- 
erately large  casting.  This  basic  advantage  exists  whether  very  small 


a.  Pouring  into  a sand  mold.  b.  Resultant  pump  casing. 

Fig.  1.  Production  of  complete  part  directly  from  molten  metal. 

or  very  large  castings  are  produced  and  without  regard  to  their  com- 
plexity. 

6.  External  shape  and  size  suited  to  function  . . . Sand  castings  from  a 
few  ounces  to  a hundred  tons  in  weight  can  be  readily  produced  in 
almost  any  shape  or  any  complexity  desireda).  Some  designs,  in  fact, 
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Bottom  Half  Complete  Casting  Top  Half 

Fig.  2.  Diesel  cylinder  head  sectioned  to  illustrate  permissible  complexity  in  a 
single  integral  casting. 


can,  from  a practical  standpoint,  only  be  produced  as  castings*2'.  Fig. 
2 illustrates  one  of  a number  of  engine  parts  that  would  be  difficult  and 
prohibitively  expensive  to  produce  except  as  a gray  iron  casting.  The 
only  real  limitation  is  ability  to  produce  the  shape  needed  in  the  wood, 
plaster,  or  metal  form  used  as  a master  pattern  in  molding.  Actually 
the  flexibility  of  this  molding  process  is  so  great  that  it  permits,  for 
example,  the  use  of  undercuts  and  curved,  reflex  contours  not  possible 
with  other  high  production  processes.  Fig.  3 shows  the  use  of  cores  to 
produce  intricate  internal  passages  only  formable  in  a casting. 

This  design  flexibility  should  not  obscure  the  fact  that  it  is  always 
advisable  for  casting  purchasers  to  consult  with  the  foundryman  dur- 
ing the  design  stage.  Although  foundrymen  are  accustomed  to  meeting 
exacting  design  specifications,  there  is  no  question  that  optimum  qual- 
ity, prompt  delivery  and  serviceability  of  the  cast  product,  and,  more 
particularly,  maximum  economy  to  the  purchaser  will  result  from  a co- 
operative effort  by  the  designer  and  casting  producer. 

A few  general  precautions  are  worthy  of  note.  Large,  flat,  thin  sec- 
tions, e.g.,  under  1/16"  thick  as-cast,  although  feasible  from  a molding 
standpoint,  are  normally  avoided 
in  a casting  as  they  usually  pre- 
sent problems  in  feeding,  and 
except  for  limited  areas  such  as 
cooling  fins,  etc.,  heavier  wall 
sections  should  be  specified. 

Parts  as  small  as  shuttles  have 
been  successfully  cast  in  gray 
iron  in  competition  with  forming 
methods,  but  obviously,  a mini- 
mum size  exists  below  which 
production  methods  other  than 
casting  become  competitive  or 
desirable.  Except  in  such  special 
cases,  the  known  economic  ad- 


Fig.  3.  Use  of  sand  cores  to  produce  ex- 
actly dimensioned  internal  cavities  in  a 
cylinder  block. 
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vantages  of  castings  must  be  carefully  considered  by  the  design  en- 
gineer. 

C.  Metal  placement  for  maximum  efficiency  and  rigidity  ...  As  casting 
design  does  not  depend  on  any  subsequent  forming  process,  the  opti- 
mum amount  of  metal  can,  from  the  outset,  be  placed  in  the  best 
location  for  maximum  strength,  wear  resistance,  etc.,  and  omitted 
where  it  is  not  required.  This  design  freedom,  combined  with  ability 
to  core  out  unstressed  sections,  often  permits  appreciable  weight 
savings. 

Maximum  rigidity  in  the  final  section  is,  of  course,  primarily  a mat- 


Load 


A 

Deflection  = 100  unit* 


Load 


B 

Deflection  — 22  units 


Pig.  4.  Use  of  design  freedom  in  casting  for  maximum  rigidity. 


ter  of  designing  a section  of  the  desired  shape.  This  principle  is  illus- 
trated in  Fig.  4. 

If  a load  is  applied  to  both  casting  B on  the  right  and  plate  A on  the 
left,  the  casting,  although  equal  in  weight,  will  only  deflect  approxi- 
mately one-fifth  as  much  as  the  plate.  It  is  clear  that  even  if  the 
softest  type  of  iron  (of  approximately  half  the  modulus  of  elasticity 
of  steel)  were  selected  to  meet  maximum  machinability,  thermal  shock 
resistance,  or  castability  requirements,  the  casting  would  still  be  two 
and  one-half  times  as  rigid  as  the  steel  plate.  Design  B,  or  other  sec- 
tion contours  needed  to  develop  a given  rigidity,  can  be  produced  at 
will  in  the  casting  process,  but  would  be  difficult  and,  by  comparison, 
unreasonably  expensive  to  produce  by  other  fabricating  methods.  The 
only  important  consideration  in  casting  is  that  all  sections  can  be 
properly  fed  with  liquid  metal.  Other  fabricating  processes  are  limited 
by  such  factors  as  feasibility  and  cost  of  welding  reinforcing  bars,  use 
of  a design  simple  enough  to  permit  forging,  or  use  of  sections  thin 
enough  to  permit  stamping.  Fig.  5 illustrates,  on  the  other  hand,  how 
reinforcing  members  can  be  readily  included  as  an  integral  part  of 
a casting. 


14 


ADVANTAGES . . . 


Fig.  5.  Reinforced  cast  sectional  base  of  drilling  machine. 


D.  Attractive  product  appearance  for  maximum  sales  appeal  . . . Be- 
cause shape  is  not  restricted  to  assembly  of  preformed  pieces,  as  in 
welding  processes,  or  governed  by  the  limitations  of  forging  or  stamp- 
ing, casting  promotes  development  of  attractive  designs.  It  is  a for- 
tunate circumstance  that  the  smooth,  graduated  contours  and  stream- 
lining essential  to  sales  appeal  usually  coincide  with  conditions  for 
easiest  molten  metal  flow  in  a casting,  the  prevention  of  stress  concen- 
tration on  solidification,  and  minimum  residual  stress  in  the  final  cast- 
ing. Commercial  utilization  of  this  design  freedom  is  shown  in  Figs. 
6 and  7. 

Surface  finish  is  often  en- 
hanced by  the  rugged  texture 
of  a sand  casting.  Extremely 
smooth  surfaces  are  possible 
with  shell  molding,  or  with  enam- 
el finishing.  However,  the  dur- 
ability, permanent  alignment  of 
parts,  trouble-free  service,  etc., 
associated  with  gray  iron  cast- 
ings provide  a convincing  sales 
advantage  in  many  cases. 


E.  Production  of  complex  part 
as  a single  integral  unit  . . . The 

great  design  freedom  inherent  in 
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Fig.  6.  Streamlined  electric  motor  case. 
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Pig.  7.  Contoured 
machine  tool. 


the  casting  process  enables  the  designer  to  obtain  a very  intricate 
part  in  a single  piece.  He  can  combine  what  would  normally  be  several 
parts  in  one  unit  casting.  This  is  of  particular  significance  when  exact 
alignment  must  be  held,  as  in  high-speed  machinery,  machine  tool 
parts,  or  engine  end  plates  and  housings  that  carry  shafts.  One-piece 
construction  also  eliminates  joints  and  thus  the  possibility  of  oil  leak- 
age, water  leakage,  or  accelerated  corrosion  at  such  joints.  An  engine 
block  exhibiting  an  involved  outer  shape  and  a number  of  intricate 
internal  passages  is  one  of  the  most  obvious  examples  of  combining  a 
group  of  normally  independent  elements  into  a single  integral  casting. 
All  attempts  to  replace  gray  iron  in  such  a use  by  other  methods  of 
fabrication  or  other  materials  have  always  resulted  in  a sacrifice  in 
functional  efficiency  and  economy.  The  gray  iron  motor  block  illus- 
trated in  Fig.  8 is  a typical  case  where  extended  tests  showed  superi- 
ority of  a gray  iron  casting  over  a fabricated  and  brazed  construction 

as  concerns  rigidity,  vibration 
absorption,  corrosion  resistance, 
wear  resistance,  and  resistance 
to  fatigue.  The  diesel  engine 
base  in  Fig.  9 is  another  typical 
example  where  the  rigidity  and 
vibration  absorption  of  a single 
integral  gray  iron  casting  has 
been  utilized.  It  is  now  recog- 
nized that  if  a part  requires  a 
specially  designed  or  irregular 
surface  for  maximum  operating 


Fig.  8.  Motor  block  made  in  gray  iron. 
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efficiency,  or  possesses  interior 
passages  or  pockets,  the  possi- 
bility of  casting  the  part  as  an 
integral  unit  should  receive  con- 
sideration over  other  construc- 
tion methods. 

From  a quality  viewpoint,  a 
single  integral  casting  is  a safe- 
guard against  the  possibility  of 
costly  assembly  errors  such  as 
failure  to  include  all  parts  in  a 
shipment,  or  mismating  of  parts. 

The  latter  is  often  cumulative 
when  a number  of  pieces  must 
dovetail  together,  and  is  an  ever-present  possibility  in  any  complex 
cutting,  forming,  or  fitting  operation.  On  the  other  hand,  once  dimen- 
sions for  a one-piece  casting  are  established  as  correct,  exact  duplica- 
tion is  automatic*3'. 

F.  Dependability  in  service  . . . Utilization  of  the  known  principles  of 
good  casting  design,  together  with  the  periodic  determination  of  the 
physical  properties  of  test  bars  cast  from  the  molten  metal,  assure  a 
high  degree  of  reproducibility  and  dependability  in  casting.  This  same 
sort  of  dependability  is  not  as  practical  in  production  methods,  such 
as  welding,  that  involve  a large  amount  of  skilled  hand  labor,  and  may 
result  in  hidden  defects,  such  as  cracks,  lack  of  fusion,  etc.  When  de- 
fects occur  in  castings  (at  least  in  so  far  as  gray  iron  castings  are  con- 
cerned) , they  are  normally  in  the  form  of  roughly  spherical  shrinkage 
areas  or  gas  holes  rather  than  cracks  or  seams.  Such  defects  do  not 
raise  stresses  to  the  same  degree  as  cracks,  and  further,  are  normally 
recognizable  on  surface  examination*1'  or  preliminary  machining.  The 
defective  casting  can  generally  be  detected  and  scrapped  before  being 
incorporated  in  a finished  unit. 

Fig.  10  contrasts  replacement  of  a comparatively  expensive  built-up 
finger  in  a coal  washer  with  an  integral  gray  iron  casting  to  meet 
service  requirements  in  a critical  location.  Uses  of  gray  iron  in  vital 
components  as  widely  varied  as  crankshafts  and  bridge  supports  are 
illustrated  in  Figs.  11  and  12. 

Summary  of  Functional  Advantages 

Summarizing,  it  is  clear  that  from  a functional  viewpoint  two  main 
characteristics  of  the  casting  process  are  of  direct  interest  to  the 
design  engineer  or  manufacturer.  The  first  of  these  is  the  unusual  de- 
sign freedom  which  is  only  possible  in  castings,  where  molten  metal 


Fig.  9.  Integrally  cast  diesel  engine  base. 
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Fig.  10.  Replacement  of 
welded  assembly  by  gray 
iron  casting  in  vital  con- 
trol component  of  a coal 
washer. 


a.  Present  gray  iron  casting. 


b.  Previous  weldment. 


Fig.  11.  Large  gray  iron  diesel  crankshaft. 


Fig.  12.  Pet-au-Diable  railroad  bridge  supported  by  high  strength  gray  iron  rollers, 
rockers,  and  bearing  plates  (location  indicated  by  arrows). 
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is  directly  employed  in  forming  the  final  product.  Given  this  freedom, 
it  is  possible  (a)  to  suit  external  contours  to  almost  ahy  requirement; 
(b)  to  place  metal  at  exact  locations  where  it  is  needed  for  rigidity, 
wear,  corrosion,  or  maximum  endurance  under  dynamic  stress(3) ; (c) 
to  produce  a complex  part  as  a single,  dependable  unit;  and  (d)  to 
achieve  readily  an  attractive,  streamlined  appearance,  important  in 
the  sales  appeal  of  the  final  product. 

The  second  main  advantageous  characteristic  is  that  “a  casting  is 
the  shortest  distance  between  raw  material  and  a finished  product.” 
This  not  only  simplifies  development  problems,  but  permits  production 
of  a cast  part  to  be  rapidly  expanded  from  a few  units  to  thousands  of 
units  with  a minimum  amount  of  lost  time  and  special  equipment. 

II.  ECONOMIC  ADVANTAGES  OF  CASTING  PROCESS 
AS  A MANUFACTURING  METHOD 

This  section  covers  the  economies  inherent  in  the  casting  process. 
Further  economies  are  often  available  in  using  gray  and  ductile  irons  in 
preference  to  other  cast  materials.  This  will  be  discussed  in  Section  III. 

A.  Economies  of  production  as  a single  unit  . . . This  results  in  many 
different  kinds  of  savings.  Some  are  obvious  and  others  are  hidden, 
but  all  should  be  taken  into  consideration  if  overall  cost  savings  are 
the  goal. 

Assembly : Direct  assembly  costs  are  reduced  when  fewer  pieces 
must  be  put  together. 

Material-handling  and  Fabri- 
cation: Costs  are  reduced  when 
a single  unit  replaces  many  sep- 
arate pieces  which  may  require 
various  forming  and  cutting  op- 
erations at  different  stations  in 
the  plant. 

Production  scheduling : Time- 
study  and  time-keeping  activi- 
ties and  records  are  reduced.  Al- 
so, the  more  parts  which  must 
be  routed  to  different  stations 
and  finally  be  made  available  si- 
multaneously at  an  assembly 
point,  the  more  likelihood  of 
“down-time”  charges. 

Inventory  investment  may  be 


Fig.  13.  Housing  knee. 
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Weldment  Casting 

Fig.  14.  Chain  drive  housing. 


increased  when  a component  is 
fabricated  rather  than  cast.  This 
increase  is  due  to  precautions 
taken  to  have  all  parts  available 
at  the  right  time,  and  to  sched- 
uled overruns  (which  are  made 
to  allow  for  scrap  or  to  achieve 
economical  runs). 

It  is  inevitable  that  indirect 
labor  and  supervisory  costs  mul- 
tiply when  many  parts  are  used 
instead  of  a single  unit  casting. 
These  hidden  costs  have  been 
recognized  by  some  designers(r’\ 
but  they  are  not  always  antici- 
pated. 

Figs.  13,  14,  15(a)  and  15(b) 
indicate  the  simplification  pos- 
sible on  replacing  a fabrication 
with  a casting.  In  the  case  of  the 
housing  knee  in  Fig.  13,  use  of 


Fig.  15(a).  Blower  housing  (Casting). 


Fig.  15(b).  Blower  housing  (Weldment). 
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the  gray  iron  casting  eliminated  the  series  of  individual  parts  needed 
in  the  comparable  weldment.  Consequent  savings  in  torch  cutting,  ma- 
chining, forming,  and  welding  operations  resulted  in  a 50%  lower  pro- 
duction cost  for  the  casting.  Similarly,  in  the  chain  drive  housing  in 
Fig.  14,  use  of  the  casting  resulted  in  a cost  of  only  one-third  that  of 
the  weldment.  The  comparison  in  Fig.  15(a)  and  (b)  is  still  more  sig- 
nificant since  the  spidery  character  of  this  blower  housing  originally 
indicated  a probable  superiority  for  welding  to  the  manufacturer"11. 
In  a production  test,  however,  a casting  for  this  part  eliminated  as- 
sembling and  handling  124  separate  pieces.  The  machining  cost  of  the 
welded  assembly  was  77%  higher  than  that  of  the  casting. 

Accurate  comparative  cost  figures  using  two  methods  of  construc- 
tion as  widely  different  as  casting  and  welding  are  admittedly  difficult 
to  compute.  The  only  realistic  method  is  to  compute  the  final  cost  of 
the  finished  cast  or  welded  unit  as  machined,  handled,  assembled,  heat- 
treated  if  necessary,  and  ready  for  use.  Both  direct  and  indirect 
charges,  and  design  or  development  charges  must  be  included.  Actual 
comparative  costs  of  a cast  as  opposed  to  a similar  welded  component 
where  principles  of  parallel  charges  are  observed,  are  contained  in 
Table  Im.  It  should  be  stressed  that  most  of  these  tests  were  made  in 
shops  where  welding  and  casting  facilities  were  both  equally  available. 
The  dollar  figures  are  only  comparative  since  they  were  determined 
some  years  ago.  The  ratios  are  sound,  however,  since  the  noted  higher 
cost  of  weldments  depended  mainly  on  greater  labor  costs,  and  labor 
costs  have  risen  in  recent  years  more  rapidly  than  material  costs. 


TABLE  I (7> 

COMPARATIVE  WEIGHT  AND  COST— CASTINGS  VS.  WELDMENTS 


Material 

Weight 
Gray  Iron 
Casting 

Lb. 

Weight 

Weldment 

Lb. 

Cost 

Casting 

$ 

Cost 

Weldment 

$ 

1000  hp  Diesel  Block  & Base 

10,620 

11,442 

$1,774.39 

$6,874.89 

600  hp  Diesel  Block  & Base 

3,375 

3,340 

1,203.56 

3,579.41 

Diesel  Exhaust  Manifolds 

322 

222 

180.00 

345.00 

Aux.  Drive  Housing 

338 

361 

200.00 

385.00 

600  hp  Chain  Drive  Housing 

287 

295 

200.00 

460.00 

1000  hp  Chain  Drive  Housing  Knee 

122 

121 

70.00 

125.00 

600  hp  Chain  Drive  Housing  Knee 

49 

45 

10.00 

45.00 

1000  hp  Turning  Gear  Housing 

104 

110 

100.00 

290.00 

600  hp  Housing  Cover 

42 

46 

15.00 

62.00 

Individual  circumstances  known  only  to  the  producer  finally  control 
the  choice  of  the  manufacturing  method.  While  the  outlined  economy 
of  producing  a part  as  an  integral  unit  casting  may  be  the  deciding 
factor  in  a majority  of  cases,  each  case  must  obviously  be  considered 
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separately  before  assuming  that  any  one  process  will  yield  the  maxi- 
mum combination  of  functional  efficiency  and  economy. 

B.  Savings  in  machining  cost  . . . Every  year,  more  than  15  million 
tons  of  metal  are  whittled  away  into  chips  at  a cost  of  more  than  10 
billions  of  dollars.  That  is  the  estimate  of  the  American  Society  of  Tool 
Engineers,  which  is  researching  ways  to  reduce  this  waste.  Greater 
use  of  castings  can  help. 

Probably  the  most  evident  saving  associated  with  casting  is  the  de- 
crease in  machining  cost.  The  reason  is  simple:  holes,  interior  pas- 
sages and  pockets  required  by  the  design  are  produced  by  placing 
cores  in  the  mold  instead  of  being  laboriously  machined.  Special  sur- 
face contours  are  also  incorporated  in  and  made  a part  of  the  original 
pattern  design.  Obviously,  savings  vary  with  the  complexity  of  the 
casting  and  the  amount  of  machining  that  would  otherwise  be  re- 
quired. One  division*81  of  General  Motors  has  estimated  an  overall 
saving  in  machining  cost  of  50%  following  the  use  of  castings.  Table 
II  includes  typical  savings  in  machining  cost  reported  by  other  au- 
thorities. 


TABLE  II 

COMPARISON  OF  MATERIAL  LOSS  AND  MACHINING  TIME 
OF  FORGED  STEEL  AND  GRAY  IRON  CRANKSHAFTS 


Type 

of 

Diesel 

Engine 

STEEL  FORGINGS 

GRAY  IRON  CASTINGS 

SAVINGS 

Lb. 

Rough 

Weight 

Lb. 

Finish 

Weight 

Hours 

Machine 

Time 

Lb. 

Rough 

Weight 

Lb. 

Finish 

Weight 

Hours 

Machine 

lime 

Lb. 

Material 

Hours 

Ma- 

chining 

6 cyl. 

2,520 

657 

160 

700 

637 

80 

1,800 

80 

6 cyl. 

1,344 

287 

100 

256 

216 

30 

1,017 

70 

4 cyl. 

672 

140 

60 

177 

141 

34 

496 

26 

4 cyl. 

924 

279 

73 

300 

278 

55 

623 

18 

6 cyl. 

1,316 

330 

75 

364 

354 

34 

976 

41 

3 cyl. 

469 

133 

73 

120 

96 

24 

312 

49 

4 cyl. 

630 

168 

84 

159 

126 

51 

439 

33 

From:  “High-Duty  Irons.”  Automobile  Engineer,  V.  39,  April  1949,  p.  160. 


C.  Weight  savings  . . . Metal  savings  resulting  from  the  ability  in  the 
casting  process  to  place  metal  only  where  needed  and  to  initially  omit 
it  by  coring  out  where  not  needed,  are  obvious.  It  is  not  always  recog- 
nized that  this  characteristic  often  permits  a definite  saving  in  the 
final  as  well  as  the  rough  weight  of  a component.  For  example,  in 
diesel  engine  parts  a careful  comparison*91  showed  that  the  use  of  gray 
iron  castings  rather  than  weldments  resulted  in  a saving  of  14%  in 
total  weight  as  well  as  a 53%  reduction  in  overall  costs.  Another  pro- 
ducer*101 reports  drastic  weight  savings,  approximately  50%,  in  cast 
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as  compared  to  forged  crankshafts  in  the  500  to  5000  lb.  weight  range 
because  of  ability  to  core  out  shafts,  use  hollow  journals,  and  thus 
avoid  superfluous  weight.  Confirmation  from  another  authority  is  fur- 
nished by  comparison  of  rough  weights  of  forgings  and  castings  in 
Table  II.  There  is  a growing  realization  that  wider  application  of  known 
stress  analysis  principles  (use  of  wire  strain-gages,  stress-coats,  etc.), 
coupled  with  the  design  freedom  inherent  in  casting,  will  result  in 
further  substantial  savings  in  the  weight  of  gray  iron  components. 

D.  Savings  in  engineering  time 

. . . The  design  engineer  is  apt 
to  overlook  this  potential  for 
savings.  When  given  a choice  be- 
tween fabricating  a single  com- 
plicated piece  and  casting  it,  the 
engineer  is  inclined  to  disregard 
his  own  time  and  compare  only 
the  material  and  labor  of  fabri- 
cating versus  the  casting  cost 
plus  the  pattern  cost.  If  he  will 
consider  also  the  many  hours  he 
will  spend  detailing  dozens  of 
drawings  and  preparing  instruc- 
tions for  the  weldment  (and  the 

Other  engineering  department  Fig.  16.  Wooden  Pattern— Pattern  material  for 

time  involved),  he  may  realize  medium  production  (up  to  1000  castings). 

that  the  time  saved  by  designing 
a casting  will  pay  for  the  pattern  cost. 

One  large  company,  pressed  for  engineering  time,  did  a little  esti- 
mating before  starting  the  design  of  a 2500  pound  base,  and  decided 
the  engineering  time  to  be  saved  by  making  it  a casting  was  well  worth 
the  cost  of  a $3200  pattern.  If  several  are  to  be  made,  the  pattern  cost 
is  spread,  of  course,  and  the  advantage  of  casting  becomes  corres- 
pondingly greater. 

E.  Patterns  vs.  dies,  jigs  and  fixtures  ...  As  noted,  casting  usually 
provides  the  shortest  route  from  raw  materials  to  a finished  product. 

This,  in  itself,  by  reducing  the  development  cost  chargeable  to  the 
product,  may  be  a deciding  factor  in  selection  of  the  casting  process. 

This  development  saving,  as  well  as  later  production  economies,  is  due 
to  the  fact  that  preparation  of  the  master  pattern  is  the  only  primary 
requirement  and  the  major  primary  cost.  This  pattern  cost  is  generally 
less  than  that  involved  in  the  preparation  of  dies,  or  setting  up  and 
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operating  special  tooling,  or  weld- 
ing arrangements  necessary  in 
other  production  methods,  to 
produce  interchangeable  parts. 

Pattern  cost,  however,  in  com- 
mon with  other  capital  charges, 
must  be  absorbed  by  the  product. 
Obviously,  the  greater  the  num- 
ber of  molds  produced  from  a 
given  pattern,  the  lower  the  pat- 
tern cost  chargeable  to  each  cast- 
ing. Economic  superiority  for 
casting  rather  than  individually  welding  a part  can  normally  be  dem- 
onstrated when  a minimum  of  3 to  10  castings  are  made  from  a given 
pattern.  The  breakeven  point  obviously  varies  with  the  size  and  com- 
plexity of  the  final  casting. 

It  is  always  possible  with  sand  molding  to  hold  pattern  cost  to  a 
minimum  by  selecting  a pattern  material  of  maximum  machinability 
or  formability,  and  of  minimum  cost  for  the  number  of  parts  to  be  cast 
from  it — no  such  leeway  being  normally  possible  in  constructing  dies 
or  jigs.  For  example,  if  only  one  or  two  experimental  castings  are 
needed,  the  pattern  can  be  made  of  modeling  clay,  wax  or  plaster.  In 
emergencies  a simple  mold  cavity  may  even  be  formed  without  a pat- 
tern on  the  foundry  floor.  As  the  number  of  castings  to  be  produced 
from  a pattern  increases,  more  durable  pattern  materials  are  needed. 
These,  in  order  of  increasing  durability,  are  pine,  hardwood,  alumi- 
num, steel,  and  gray  iron.  Figs.  16  and  17  contrast  a wooden  pattern 
for  limited  production  of  less  than  a 1000  castings,  with  an  aluminum 
match  plate  containing  four  patterns  as  an  integral  part  of  the  single 
match  plate  and  capable  of  producing  thousands  of  castings  at  mini- 
mum cost.  Where  a favorable  combination  exists  of  suitable  casting 
shape  (such  as  a pulley)  and  high  production  rate,  patterns  have  been 
dispensed  with  and  the  desired  casting  cavity  cut  directly  into  a per- 
manent mold  that  can  be  re-used  to  produce  thousands  of  individual 
castings. 

The  pattern  and  cores  for  the  casting  can,  as  already  described,  be 
made  to  embody  very  exactly  the  final  contour  required  and  reduce  to 
a minimum  the  machining  and  handling  of  the  final  cast  product.  In 
addition,  since  the  pattern  is  deliberately  made  in  readily  workable 
material,  it  can  often  be  directly  and  quite  simply  altered  to  meet  last 
minute  or  developing  changes  in  casting  dimensions  or  product  de- 
sign. There  is  no  necessity  to  scrap  or  redevelop  jigs,  dies,  or  tooling 


Fig.  17.  Aluminum  Match  Plate  Pattern 
— Pattern  material  for  high  production 
(50,000  castings  or  more). 
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set-ups  which  would  be  required  in  other  fabricating  processes  to  meet 
such  changes. 

Some  idea  of  the  number  of  patterns  that  can  be  readily  stored  in 
a small  space  is  given  by  Fig.  18.  This  should  be  contrasted  with  the 
greater  space  that  would  be  required  for  dies,  templates,  welding 
jigs,  heat  treating  jigs,  etc.  for  an  equal  number  of  different  types 
of  weldments.  Furthermore,  storage  costs  of  active  patterns  are  as- 
sumed by  the  foundry,  whereas  the  manufacturer  must  provide  ware- 
house space  for  his  dies,  jigs,  etc. 

It  should  be  recalled  that  the  simple  existence  of  a pattern  on  these 
racks  assures  the  manufacturer  of  a permanent  and  regular  supply 
of  identical  cast  parts  meeting  his  specifications.  For  example,  if  a 
casting  is  spoiled  in  the  final  machining  operation  or  an  additional 
casting  is  needed  at  a later  date,  it  can  normally  be  replaced  quicker 
and  at  lower  cost  than  a forging  or  fabrication. 

F.  Availability  of  castings  and  flexibility  in  production  rate  . . . From 
a cost  standpoint,  one  of  the  most  important  features  of  castings,  and 
in  particular  gray  iron  castings,  is  that  they  are  normally  available 
from  a local  source,  minimizing  delays  in  shipment  and  freight 
charges,  and  more  important,  facilitating  full  understanding  of  cus- 
tomer requirements.  These  economic  advantages  are  obviously  at  a 


Fig.  18.  View  of  typical  pattern  storage. 
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maximum  when  a close  working  relationship  is  maintained  between 
the  customer’s  designers  or  engineers  and  the  foundry. 

The  casting  process  itself  is  immediately  responsive  to  variations 
in  product  demand.  Emergencies  or  varying  market  conditions  involv- 
ing increased  or  decreased  production  can  be  immediately  met  at  mini- 
mum cost  since  the  pattern  needs  simply  to  be  stored  by  the  foundry 
or  manufacturer.  All  other  facilities,  such  as  mold  flasks  and  molding 
machines,  constitute  part  of  the  standard  operating  equipment  of  the 
usual  foundry  and  are  used  interchangeably  with  a large  number  of 
patterns  for  many  different  jobs.  For  example,  all  the  patterns  shown 
in  Fig.  18  fit  into  a very  few  standard  sized  flasks.  Castings  which 
may  vary  in  weight  from  a few  ounces  to  thousands  of  pounds  can  be 
made  available  when  the  customer  most  vitally  needs  them. 

G.  Savings  in  indirect  or  overhead  costs  ...  It  has  only  recently  been 
recognized<5)  that  employment  of  a single  integral  casting  will  dras- 
tically reduce  indirect  costs.  These  indirect  costs,  as  well  as  direct 
material  and  labor  charges,  must  be  borne  by  a product.  The  indirect 
economies  are  most  notable  where  a number  of  individual  parts  are 
replaced  by  a single  casting.  These  include:  (1)  layout  of  operation 
sheets  outlining  the  necessary  operations  on  individual  parts,  (2)  set- 
ting up  production  standards  for  individual  parts  of  the  final  assembly 
based  on  time  studies,  etc.,  (3)  production  control  by  which  movement 
of  a number  of  individual  pieces  is  controlled  to  facilitate  final  assem- 


Fig.  19.  Production  of  sand  molds  from  patterns  to  meet  fluctuations  in  de- 
mand for  specific  castings. 
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bly,  and  (4)  inspection  operations  which  naturally  increase  or  de- 
crease with  the  number  of  individual  components  entering  into  the 
final  product. 

Summary  of  Economic  Advantages  of  the  Casting  Process 

The  simplicity  of  the  casting  process  results  in  an  economy  generally 
unobtainable  in  other  methods  of  construction.  Savings  stem  from 
four  unique  advantages:  namely,  (1)  the  ability  to  combine  a num- 
ber of  individual  parts  into  a single  integral  casting,  (2)  the  design 
freedom  in  casting  that  reduces  machining  costs  and  metal  wastage 
to  a minimum,  (3)  the  low  cost  of  patterns  as  compared  with  other 
comparable  production  equipment,  and  (4)  the  low  overhead  in  the 
casting  industry  for  a flexible  production  schedule. 

III.  GRAY  IRON  VS.  OTHER  CAST  METALS 

Each  of  the  metallic  materials  commonly  used  in  casting — namely, 
gray  and  ductile  iron,  malleable  iron,  steel,  copper-base,  aluminum- 
base,  and  special  alloys — has  its  own  legitimate  place  in  the  industrial 
economy.  The  purpose  of  the  present  section  is  to  very  generally  dis- 
cuss the  specific  advantages  of  gray  iron  as  a construction  and  engi- 
neering material  within  its  own  sphere  of  usefulness — that  is,  the 
basic  reasons  why  it  consistently  accounts  for  75%  to  80%  of  all 
metallic  castings. 

A.  tow  unit  cost  . . . There  is  no  question  that  the  economy  of  gray 
iron  as  compared  to  other  cast  metals  has  contributed  to  its  wide  use 
in  industry.  Economy  is  realized  due  both  to  savings  inherent  in  the 
casting  process  as  described  in  the  preceding  Section  II,  and  to  favor- 
able factors  uniquely  associated  with  gray  iron  itself.  For  example, 
gray  iron  is  essentially  a low  cost  raw  material  as  compared  to  other 
metals.  The  high  basic  price  of  non-ferrous  metals  is  a major  handi- 
cap in  attempts  to  substitute  them  for  gray  iron  or  other  ferrous 
castings. 

Furthermore,  the  economic  position  of  gray  iron  is  better  than 
other  ferrous  castings  because  it  can  be  melted  in  the  highly  efficient 
cupola  furnace  using  coke  as  a fuel.  Of  even  greater  significance,  gray 
iron  possesses  better  casting  qualities  than  other  ferrous  metals  and 
has  a higher  yield  of  finished  castings  per  ton  of  molten  metal — less 
metal  to  be  remelted. 

B.  High  fluidity,  low  shrinkage  and  maximum  design  freedom  . , . Of 

ferrous-base  castings,  molten  gray  iron  has  the  highest  fluidity  and  is, 
therefore,  particularly  adapted  to  production  of  intricate  and  com- 


27 


ADVANTAGES . . . 


paratively  thin-walled  castings.  This  is  mainly  due  to  its  comparatively 
low  melting  point  and  the  long  liquid  interval  allowed  before  solidifica- 
tion is  complete.  Because  it  is  a ferrous  metal,  gray  iron  tends  to  free 
itself  of  entrained  gases  and  inclusions  much  more  rapidly  than  light 
metals,  such  as  aluminum  and  magnesium.  Some  non-ferrous  castings 
are  being  produced  under  vacuum  to  eliminate  porosity.  Probably  most 
important  from  a design  viewpoint  is  its  low  solidificaton  shrinkage, 
which,  depending  on  composition,  varies  from  0-1.9%  while  the  com- 
parable shrinkage  for  steel  or  malleable  iron  is  about  5.0%.  The  con- 
traction of  gray  iron  after  solidification  down  to  room  temperature  is 
also  about  one-half  that  of  most  other  cast  metals.  These  two  factors — 
high  fluidity  and  low  shrinkage — mean  that  it  is  easier  to  obtain  sound 
castings  of  intricate  shapes  and  to  hold  close  tolerances  with  gray  iron. 
In  other  words,  gray  iron  allows  the  engineer  to  fully  utilize  the  high 
degree  of  design  freedom  possible  in  the  casting  process.  It  also  means 
that  lower  casting  stresses  are  developed  during  solidification,  so  much 
so,  in  fact,  that  the  great  majority  of  gray  iron  castings  are  put  di- 
rectly into  use  without  the  stress-relieving  or  normalizing  heat  treat- 
ments required  by  other  ferrous  metals. 

Figs.  20  and  21  illustrate  two  of  the  many  intricate  cast  com- 
ponents in  industry  made  possible  by  the  fine  casting  charac- 
teristics of  gray  iron.  Involved 
constructions  of  this  type  are 
only  economically  feasible  as  in- 
tegral castings.  It  is  of  interest 
that  the  valve  body  in  Fig.  21 
had  been  experimentally  cast  in 
aluminum.  Gray  iron  was,  how- 
ever, the  final  choice.  More  im- 
portant than  its  lower  basic  cost 
was  the  fact  that:  (1)  gray  iron 
was  more  rigid,  strong  and  di- 
mensionally stable;  (2)  could  be 
held  to  closer  tolerances;  (3) 
possessed  much  greater  wear  re- 
sistance as  a valve  seat  and  to 
valve  stems;  (4)  did  not  tend  to 
imbed  dirt  as  did  softer  non- 
ferrous  materials;  and  (5)  pos- 
sessed thermal  expansion  char- 
acteristics more  closely  match- 
er if  ica?  application  C°ntro1  housing  for  ing  other  parts  of  the  fluid  drive 

system. 
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C.  Wide  choice  of  mechanical 
properties  in  as-cast  condition 

. . . Gray  iron  offers  the  widest 
choice  of  strength  and  hardness 
in  the  as-cast  condition  of  any 
existing  metal.  For  example,  it 
is  possible  by  analysis  control  to 
produce  iron  castings  that  range 
from  a soft  type  with  the  opti- 
mum machinability  characteris- 
tics of  any  known  ferrous  mate- 
rial, to  a harder,  higher  strength 
type  approximating  the  strength 
of  many  cast  steels.  For  gray 
iron,  alloying  is  generally  essen- 
tial if  strengths  of  over  50,000 
psi  are  required,  but  higher 
strengths  are  readily  obtained  in 
ductile  (nodular)  irons,  as-cast. 

In  severely  abrasive  applica- 
tions it  is  of  particular  interest 

that,  by  very  rapidly  cooling  gray  iron  with  chillers  during  solidifica- 
tion, it  is  easily  possible  to  develop  as  cast  an  extremely  hard,  white- 
iron  surface  or  surfaces  at  any  selected  location  on  the  casting.  These 
white-iron  areas  possess  outstanding  abrasion-resistant  properties. 
The  rest  of  the  casting  remains  soft  and  maintains  its  favorable  ma- 
chinability characteristics. 


Fig.  21.  Cast  valve  section  of  automo- 
bile “Power  Glide”  transmission. 


D.  Unique  properties  available  in  gray  and  ductile  irons  ...  In  addi- 
tion to  the  factors  listed  above,  the  average  gray  iron  is  one  of  the 
most  readily  machinable  metals.  This  is  partly  due  to  its  contained 
graphite  facilitating  ready  breaking  up  of  chips  formed  on  machining 
with  consequent  greatly  reduced  tool  wear.  A gray  iron  casting,  as 
opposed  to  other  cast  metals,  can  often  be  roughed  and  finished  in  a 
single  cut(n). 

Other  valuable  properties  that  gray  irons  possess  to  a much  greater 
degree  than  other  cast  or  fabricated  ferrous  metals  are:  (1)  vibration 
absorption,  (2)  self -lubricating  properties  and  ability  to  retain  a sur- 
face oil  film  under  adverse  conditions  (with  consequent  high  resist- 
ance to  wear  and  seizure),  (3)  low  notch  sensitivity,  (4)  compressive 
strength  approximately  three  times  as  great  as  the  tensile  strength, 
(5)  a response  to  heat  treatment  comparable  to  that  of  high  carbon 
steel,  (6)  comparatively  high  corrosion  resistance  to  tap  water  and 
other  mildly  corrosive  media,  and  (7)  controllable  modulus  of  elas- 
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ticity  that  minimizes  distortion  on  heating.  As  in  the  case  of  other 
ferrous  metals,  strength,  wear  resistance,  and  corrosion  resistance  can 
all  be  enhanced  by  proper  alloying. 

The  dimensional  stability  possessed  by  gray  iron  has  already  been 
noted,  and  this  is  coupled  with  an  ability  to  distribute  stress,  i.e.,  avoid 
stress  concentration.  This  property  has  been  described  by  designers  as 
the  “cushioning  effect”  of  gray  iron  in  comparing  gray  iron  cam- 
shafts with  steel  camshafts.  This  and  many  of  the  other  unique  proper- 
ties of  gray  iron  depend  on  the  presence  of  uniformly  distributed  graph- 
ite flakes  in  the  structure,  which,  in  turn,  limit  the  plastic  deformation 
that  can  be  undergone  before  failure.  There  are  very  few  industrial  ap- 
plications where  permanent  deformation  can  be  utilized  or  even  toler- 
ated. However,  when  such  cases  exist,  the  use  of  ductile  irons  should 
be  investigated. 

Ductile  (nodular)  irons  are  produced  by  adding  magnesium  to 
molten  gray  iron.  This  causes  the  graphite  to  form  in  spherulites  in- 
stead of  flakes.  The  resulting  irons  have  great  strength  and  can  be 
bent.  Ductile  irons  achieve  their  widest  range  of  properties  after 
proper  heat  treatment,  reaching  tensile  strengths  higher  than  some 
steels  and  surpassing  gray  irons  in  impact  resistance.  Yet  like  the 
gray  irons  from  which  they  came,  ductile  irons  offer  great  design  free- 
dom due  to  their  high  fluidity  in  pouring;  are  easily  machinable;  and 
have  an  excellent  degree  of  wear  and  corrosion  resistance. 


IV.  GENERAL  CONCLUSIONS 

Information  contained  in  the  preceding  sections  is  significant  only  as 
it  is  of  aid  or  guidance  to  the  designer  and  producer  of  new  or  im- 
proved products  for  industry.  In  other  words,  it  is  of  importance  only 
as  the  outlined  principles  help  him  to  determine  whether  a casting,  as 
contrasted  with  a weldment,  forging,  stamping,  or  machined-out  part, 
will  yield  him  the  necessary  operational  efficiency  at  minimum  cost. 

The  dominant  features  of  the  casting  process  and  gray  iron  cast- 
ings in  particular  have  been  evaluated  in  terms  of  the  advantages 
they  offer  from  functional,  economic,  and  metallurgical  points  of  view. 
Keeping  these  in  mind  is  necessary  if  manufacturers  are  to  (1)  realize 
the  functional  advantages  of  a single  integral  casting  which  can  per- 
form a number  of  essential  operations  as  a unit,  (2)  take  advantage 
of  economics  inherent  in  the  use  of  casting  as  the  simplest  and  most 
direct  of  all  production  processes,  and  finally,  (3)  utilize  effectively  the 
unique  combination  of  commercially  useful  properties  possessed  by 
gray  and  ductile  iron  castings. 
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CHAPTER  THREE:  DESIGN 
OF  GRAY  IRON  CASTINGS 

I.  INTRODUCTION 

A casting  may  be  defined  as  a piece  of  metal  in  a useful 
shape,  formed  directly  from  the  liquid  state  by  solidification  in  a suit- 
ably shaped  mold.  Over  the  years,  casting  techniques  have  been  de- 
veloped to  reproduce  the  desired  design  dependably  and  accurately 
with  almost  no  limitation  as  to  complexity.  More  complex  shapes  are 
often  only  a little  more  expensive  to  cast  than  simpler  shapes.  Thus, 
the  designer  has  freedom  to  design  for  greatest  function,  even  though 
there  may  be  complex  sections  of  varying  thickness,  styling  shapes, 
curved  brackets,  shrouding,  bosses,  or  other  useful  elements. 

Castings  made  of  gray  iron  have,  in  addition  to  the  gen- 
eral advantages  of  all  castings,  the  benefit  of  gray  iron’s  especially 
favorable  characteristics.  These  are  the  ability  to  flow  as  molten  metal 
in  very  thin  sections,  solidification  with  little  shrinkage,  a minimum 
of  internal  stresses  in  the  casting,  good  machinability,  and  rela- 
tively low  cost.  Especially  intricate  castings  with  good  finish  are 
routine.  Modern  foundry  methods  provide  closely  controlled  quality. 
Dimensional  stability  and  optimum  damping  capacity  are  also  useful 
qualities  of  gray  cast  iron.  The  development  of  the  new  nodular  cast 
irons  has  made  higher  strengths  and  good  ductility  available  with 
only  a modest  sacrifice  in  some  of  the  advantages  of  regular  gray  irons. 

It  is  clear  that,  if  iron  castings  are  designed  within  the 
limitations  of  less  versatile  materials,  some  of  these  advantages  may 
be  lost.  A less  functional  design  will  result  unless  the  specific  advan- 
tages of  cast  iron  are  considered  by  the  designer. 

A.  THE  DESIGNER'S  RELATIONS  WITH  THE  FOUNDRY  ...  In  the  past, 
the  designer  was  expected  to  be  well  acquainted  with  the  details  of 
foundry  practice.  With  the  increasing  complexity  of  his  own  field  and 
the  many  innovations  in  the  foundry,  this  concept  has  become  im- 
practical. 

The  traditional  skill  of  the  foundryman  and  the  inherent 
advantages  of  the  casting  process  have  been  supplemented  in  recent 
years  by  major  developments  in  the  industry: 

1.  Modern  metallurgy  provides  irons  in  a wide  range  of  mechanical 
and  physical  properties. 

2.  Improved  materials  and  new  molding  techniques  produce  cast- 
ings with  a better  surface  finish  and  closer  dimensional  accuracy. 

3.  Instrumentation  and  control  in  all  phases  of  the  operation  result 
in  consistent  quality. 

4.  An  increasing  number  of  foundries  have  engineers  who  are  capa- 
ble of  advising  on  design  and  producibility. 
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A recent  trend  in  specialization  among  foundries  has  pro- 
vided facilities  for  specific  types  of  castings.  Some  foundries  are  best 
equipped  for  high  rates  of  production,  while  others  can  more  effec- 
tively turn  out  single  or  experimental  castings.  Increasing  numbers 
of  foundries  are  able  to  offer  complete  technical  facilities.  Others,  with 
experience  and  skill,  are  able  to  produce  competitively  good  castings 
which  are  entirely  adequate  for  many  requirements.  With  increasing 
specialization,  it  is  important  that  the  foundry  be  selected  to  best  suit 
the  design,  specifications,  and  the  purchasing  conditions.  Evidence  of 
this  specialization  is  found  in  the  fact  that  many  companies  which 
operate  their  own  foundries  purchase  certain  castings  from  other 
foundries. 


One  phase  of  the  modern  foundry’s  growth  has  been  the 
expansion  of  its  services.  Many  foundries  are  prepared  to  accept  the 
overall  responsibility  for  the  casting.  This  often  includes  helping  in 
the  design,  making  trial  castings,  specifying  the  pattern  equipment, 
and  recommending  the  proper  heat  treatment  if  necessary.  Some 

foundries  are  equipped  to  give  the 
castings  a comprehensive  inspection, 
special  finishing,  and  preliminary  ma- 
chining or  targeting  in  a locating  fix- 
ture to  provide  an  accurate  set-up  for 
machining.  With  this  complete  serv- 
ice, castings  are  ready  for  production 
machining  as  received. 


In  general,  foundrymen  can 
help  the  designer  and  are  available 
for  this  purpose.  The  foundryman 
can  advise  on  the  selection  of  the  par- 
ticular grade  of  iron  to  be  used  and  on 
details  of  design  which  will  facilitate 
casting.  He  can  plan  his  molding  prac- 
tice to  avoid  the  marking  of  critical 
faces  with  gates,  (entrances  for  the 
molten  metal) , and  to  insure  the  hold- 
ing of  necessary  tolerances.  Although 
ample  time  for  discussion  of  the  de- 
sign should  be  allowed  to  permit  de- 
sirable modifications,  the  overall  de- 
velopment time  can  be  reduced  by  this 
joint  effort.  The  complexity  of  design 
will  generally  influence  the  cost  of  a 


Fig1,  la.  Design,  considering  only 
casting  problems. 


Fig.  1.  Design,  not  considering  cast- 
ing problems. 
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casting,  but  consideration  of  this  should  not  be  the  individual  problem 
of  either  the  foundryman  or  the  designer.  Without  concern  for  the 
other’s  problems,  their  individual  viewpoints  might  be  quite  diver- 
gent, as  shown  in  Figure  1,  but  cooperation  between  the  designer  or 
project  engineer  and  the  foundry  representative  will  often  result  in 
better  castings  and  in  a lower  cost  of  the  finished  product.  It  is  most 
desirable  to  include  the  production  engineer  in  the  planning,  for  he 
is  responsible  for  subsequent  manufacturing,  and  can  offer  useful 
suggestions.  Such  a combined  effort  will  produce  a better  product  at 
minimum  cost. 

B.  TYPES  OF  CASTINGS  . . . Since  metal  casting  is  a basic  fabricating 
process,  it  is  to  be  expected  that  there  are  several  divisions  or  classi- 
fications within  the  industry.  A foundry  may  be  identified  by  the  kind 
of  metal  that  is  poured,  the  kind  of  molds  that  are  used,  and  by  the 
pouring  forces  utilized  (i.e.  gravity  or  centrifugal).  Foundries  may 
also  be  classified  by  the  kind  and  size  of  castings  that  they  make,  by 
the  degree  of  mechanization  employed,  and  by  their  typical  order 
quantities.  Most  foundries  will  come  under  more  than  one  category. 

Some  familiarity  with  foundry  practice  is  of  considerable 
value  to  anyone  concerned  with  casting  design.  Several  excellent  books 
on  metal  castings  are  listed  with  the  references.  In  order  to  indicate 
the  many  possibilities  that  are  available,  a brief  description  of  the 
more  popular  casting  processes  follows. 

1.  Green  Sand  Castings:  This  is  the  most  widely  used  molding 
method.  It  utilizes  a mold  made  of  compressed  moist  sand.  The  term 
“green”  denotes  the  presence  of  moisture  in  the  molding  sand  and 
that  the  mold  is  not  dried  or  baked.  This  method  is  generally  the  most 
expedient,  but  it  is  generally  not  suitable  for  large  or  very  heavy 
castings. 

2.  Dry  Sand  Casting:  Most  large  and  very  heavy  castings  are 
made  in  dry  sand  molds.  The  mold  surfaces  are  given  a refractory 
coating  and  are  dried  before  the  mold  is  closed  for  pouring.  This 
hardens  the  mold  and  provides  the  necessary  strength  to  resist  large 
amounts  of  metal,  but  increases  the  manufacturing  time. 

Molds  which  are  hardened  by  the  C02  Process  may  also 
be  considered  in  this  category.  Such  molds  are  not  dried,  but  are  made 
from  an  essentially  moisture  free  sand  mixture,  which  contains  so- 
dium silicate  (water  glass).  The  mold  is  rapidly  hardened  by  the  re- 
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action  of  carbon  dioxide  gas  with  the  silicate.  The  process  can  also  be 
used  for  making  cores.  It  is  advantageous  in  reducing  manufacturing 
time,  but  is  not  practical  for  some  types  of  work. 

3.  Shell  Mold  Castings:  This  method  is  of  recent  development  and 
utilizes  the  unique  process  of  making  molds  by  forming  thin  shells  of 
a resin-bonded  sand  over  a hot  pattern.  It  is  suitable  for  small  and 
some  medium-sized  castings.  Shell  molding  provides  improved  accu- 
racy and  surface  finish.  It  allows  for  greater  detail  and  less  draft  than 
is  normally  satisfactory  in  green  sand  molding.  Metal  patterns  of 
special  construction  are  necessary.  The  process  is  of  particular  ad- 
vantage when  it  provides  savings  in  machining  and  in  finishing  the 
casting.  The  shell  process  has  also  been  very  effectively  applied  in 
making  cores  which  may  be  used  with  any  of  the  molding  methods. 

4.  Core  Mold  Casting:  Castings  of  unusual  complexity  (such  as 
the  thin  and  deep  fins  of  an  air-cooled  engine  cylinder)  may  be  pro- 
duced in  a mold  made  of  the  type  of  sand  commonly  used  for  cores. 
This  sand  has  almost  free-flowing  properties  when  it  is  packed  around 
the  pattern,  and  it  will  fill  crevices  and  reproduce  detail.  After  baking, 
the  mold  becomes  strong  enough  to  resist  the  forces  of  flowing  molten 
metal.  Core  sand  molds  may  be  used  when  complexity  requires  more 
than  one  parting  line  in  a casting.  Core  sand  sections  may  be  used  to 
form  a complex  external  portion  of  a casting  in  either  a green  or  dry 
sand  mold,  just  as  cores  are  used  to  form  internal  surfaces. 

5.  Permanent  Mold  Castings:  Iron  castings,  within  limits  as  to 
size,  complexity,  and  properties,  can  be  produced  in  large  numbers 
from  mechanically  operated  permanent  iron  molds.  This  mechanized, 
high-production  process  is  mainly  used  for  castings  of  suitable  shape, 
of  less  than  25  pounds  in  weight,  and  with  % G"  minimum  wall  thick- 
ness. Coring  is  accomplished  with  conventional  sand  or  shell  cores. 

6.  Ceramic  Mold  Casting:  Certain  highly  specialized  castings  re- 
quiring an  unusually  fine  finish,  precise  detail,  and  close  tolerances  are 
produced  in  molds  made  of  fired  ceramics.  This  is  comparable  to  the 
plaster-mold  process  which  is  used  for  non-ferrous  alloys.  Pattern 
equipment  is  generally  of  a “core-box”  type,  and  may  be  made  of  metal 
or  plaster.  In  some  applications,  backdraft  or  undercuts  are  allowed 
by  making  part  of  the  pattern  of  a flexible  material.  When  the  mold 
can  be  assembled  from  a number  of  pieces,  castings  of  several  hun- 
dred lbs.  in  weight  and  several  feet  in  a major  dimension  can  be  made 
to  relatively  close  tolerances. 
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7.  Expendable  Pattern  Casting:  This  is  a form  of  ceramic  mold- 
ing and  is  more  popularly  known  as  “investment”  or  “lost  wax”  cast- 
ing. A pattern  of  wax,  plastic,  or  frozen  mercury  is  made  for  each 
casting  desired.  After  investing  in  a refractory  mold,  the  pattern  is 
removed  by  melting  or  burning  it  out.  No  consideration  for  draft  or 
a parting  line  is  necessary,  since  the  pattern  may  be  formed  by  assem- 
bling a number  of  parts.  Investment  castings  may  be  produced  with 
excellent  finish,  detail,  and  to  close  tolerances,  but  the  process  is  gen- 
erally limited  to  small  castings. 


8.  Centrifugal  Casting:  Most  molds  are  filled  with  metal  simply 
by  the  force  of  gravity,  but  centrifugal  force  may  be  used  in  two  ways. 
True  centrifugal  casting  is  a means  for  producing  a cavity  in  the  cast- 
ing without  the  use  of  a core.  The  production  of  pipe  by  this  process 
is  well  known,  but  the  method  is  also  used  for  making  many  other 
cylindrical  castings,  from  engine  cylinder  liners  to  large  process  rolls. 
Secondly,  centrifugal  force  may  be  used  as  a means  of  forcing  metal 
into  a mold.  This  is  of  practical  application  in  pouring  ceramic  molds 
of  small  castings  with  fine  detail,  where  the  high  surface  tension  of 
the  molten  metal  and  the  low  permeability  of  the  mold  material  may 
not  allow  complete  filling  of  the  mold  by  gravity  alone. 

The  selection  of  a particular  casting  process  and  the  kind 
of  iron  to  be  used  may  be  a very  simple  matter,  or  it  may  involve  a 
very  complex  decision.  Even  the  obvious  applications  are  best  dis- 
cussed with  the  foundryman,  since  there  are  many  special  techniques 
that  can  be  used  to  advantage  in  the  casting  process. 

The  selection  of  suitable  pattern  equipment  is  an  important 
item  in  the  development  of  a product,  as  well  as  in  its  production. 
There  are  several  important  factors  influencing  the  selection  of  proper 
pattern  equipment,  some  of  which  involve  the  casting  purchaser.  Are 
design  changes  anticipated  ? What  is  the  probable  rate  of  production  ? 
How  long  is  the  pattern  likely  to  be  used  ? What  degree  of  finish  and 
accuracy  are  necessary  ? In  a similar  manner,  the  foundryman  will  be 
concerned  as  to  how  he  will  make  the  molds,  and  what  machines  and 
equipment  will  be  used.  Surprisingly,  even  an  extremely  crude  pat- 
tern is  often  successful  for  experimental  work.  On  the  other  hand,  it 
is  false  economy  to  extend  the  use  of  a pattern  beyond  that  for  which 
it  was  intended.  Patterns  made  to  require  hand  work  in  molding  often 
cannot  be  efficiently  used  on  production  machines,  nor  can  a casting 
be  expected  to  be  more  accurate  than  the  pattern  equipment  from 
which  it  was  made. 
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It  is  unfortunate  that  the  advice  of  the  foundryman  is 
sometimes  asked  after  the  pattern  equipment  is  already  made. 
Changes  at  this  time  are  costly  and  delay  production. 

C.  DESIGN  SEQUENCE  . . . Castings  may  be  divided  into  two  types 
when  considering  the  techniques  for  their  design  from  a strength 
standpoint.  First,  there  are  those  applications  in  which  the  working 
stresses  are  so  low  that  the  casting  sections  are  determined  by  the 
functional  shape,  by  the  appearance,  by  clamping  loads  during  machin- 
ing, by  assembly  pressures,  and  by  castability  requirements.  The  ex- 
perienced designer  can  often  establish  merely  by  inspection  which 
castings  fall  into  this  group.  The  design  of  such  castings  is  largely  an 
art  based  on  a knowledge  of  the  product  being  designed.  The  emphasis 
is  on  producibility  and  appearance. 

The  second  type  includes  castings  in  which  failure  could 
result  from  service  loading  because  of  high  static,  impact,  or  fatigue 
stresses.  These  more  advanced  applications  need  individual  and  sys- 
tematic analysis  to  obtain  economical  and  dependable  design.  The 
uniform  assumption  of  a certain  “safe”  working  stress,  as  was  com- 
mon in  the  past,  is  a poor  practice.  Unless  this  value  is  set  so  low  that 
most  of  the  castings  are  uneconomically  over-designed,  there  will  be 
some  castings  which  will  be  marginal  in  strength.  In  addition,  there 
are  many  casting  applications  in  which  wear,  corrosion,  heat  distor- 
tion, or  other  non-mechanical  properties  are  also  important  require- 
ments. Some  of  these,  such  as  electrical  resistance,  may  be  calculated 
from  numerical  data.  The  ability  to  meet  other  requirements,  such  as 
wear  resistance,  can  best  be  established  by  reference  to  the  wealth  of 
practical  experience  that  is  available. 

The  following  preliminary  design  sequence  is  intended  pri- 
marily for  the  more  involved  castings,  though  a number  of  the  steps 
are  also  applicable  for  less  demanding  designs. 

1.  From  the  layout  and  over-all  specifications,  establish  the 
service  conditions  for  the  casting. 

2.  Determine  the  static  and  dynamic  forces,  and  the  other 
critical  requirements. 

3.  Lay  out  the  structural  skeleton  to  determine  the  best  ar- 
rangement for  function  and  consider  the  effect  of  Points  1 
& 2 on  this  layout. 

4.  Make  a tentative  selection  of  the  type  of  iron  to  be  used. 

5.  Check  the  stress  and  deflection,  if  these  are  critical,  and 
evaluate  the  tentative  selection. 
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6.  Consider  general  appearance  from  point  of  utility  and  sales 
appeal,  or  consult  with  an  industrial  designer  on  these  points. 

7.  Finally,  talk  to  the  foundryman  to  determine  casting  quality, 
cost,  and  delivery  before  locking  in  the  design. 

This  sequence  may  not  yield  a production  design  imme- 
diately because  many  designs  require  development  by  trial  and  error. 
This  may  be  due  to  their  complexity,  or  to  the  fact  that  the  actual 
requirements  can  not  be  established  beforehand. 

For  critical  applications  or  eventual  large-quantity  pro- 
duction, experimental  castings  are  first  subjected  to  laboratory  and 
field  tests.  Brittle  lacquer  and  wire  strain  gages  are  of  valuable 
assistance  in  the  design  for  stressed  applications.  (The  A.S.T.M. 
Symposium,  Testing  Cast  Iron  with  SR-4  Type  of  Gage”  is  a most 
helpful  reference.)  The  necessary  modifications  in  design,  foundry 
pi  actice,  or  specifications  are  then  made,  and  the  revised  castings  are 
checked  again.  The  final  production  design  and  material  specification 
thus  incorporates  the  initial  design  analysis  and  the  results  of  the 
trial  work. 


II.  DESIGNING  FOR  FUNCTION 

Function  is  the  overriding  consideration  in  the  design  of 
castings.  Cost,  ease  of  manufacture,  and  appearance  are  all  subordi- 
nate and  should  not  generally  be  considered  until  it  is  clear  that  the 
casting  will  do  the  job  for  which  it  is  intended. 


Fig.  2.  The  Intricate 
Cylinder  Block  for  a Six 
Cylinder  Two-cycle  Die- 
sel Engine. 


This  is  a good  example 
of  combining  functions 
into  a single  compact 
unit.  The  single  casting 
contains  cylinders,  in- 
take ports,  exhaust 
ports,  air  manifold  and 
water  jackets. 
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In  the  preliminary  analysis  of  a problem,  the  primary  con- 
sideration should  be  performance.  If  an  apparently  complicated  or  ex- 
pensive design  is  indicated,  it  should  not  be  rejected  as  being  imprac- 
tical until  an  over-all  appraisal  can  be  made  of  total  cost  vs.  value. 

The  first  step  is  to  study  the  part  in  relation  to  the  assem- 
bly. In  a static  structural  part,  the  points  of  loading  are  identified, 
with  the  special  relationships  established.  Layouts  are  made  showing 
all  the  external  connections,  and  the  proposed  parts  are  sketched  in. 
The  goal  is  to  achieve  the  most  direct  transfer  of  loads,  subject  to 
clearance  limitations. 


With  hydraulic  machinery,  there  is  primary  emphasis  on 
the  paths  of  fluid  flow.  The  hydraulic  circuit  is  established,  and  the 
passageways  drawn.  The  structural  housing  then  follows,  with  the 
mounting  faces  conforming  to  the  installation  requirements. 

In  the  case  of  general  mechanisms,  the  first  consideration 
is  given  to  the  linkage.  After  a kinematic  analysis,  the  individual  links 
are  drawn.  The  base  and  auxiliaries  then  follow. 


The  casting  in  Figure  2 is  a good  example  of  combining  a 
number  of  functions  into  a single  compact  unit.  This  piece  is  a cylinder 

block  for  a two-cycle  die- 
sel engine.  It  contains  six 
cylinders  serving  12  op- 
posed pistons  which  op- 
erate on  a two-cycle  ba- 
sis. All  cylinders  with 
their  intake  and  exhaust 
ports,  air  manifold,  and 
water  jackets  are  includ- 
ed in  the  single  casting. 
An  alternative  design  us- 
ing separate  cylinder 
units  would  call  for  at 
least  five  machined  “step- 
ped” joints  for  each  cyl- 
inder. The  machining 
cost  of  this  cylinder  block 
with  separate  cylinders 

would  be  very  much 
Fig.  3.  Cast  Counterweights  and  Slides  on  Pump-  than  that  in 

ing  Equipment.  greater  man  tnat  m- 

. , . . , , . . , . „ volved  in  the  integral 

An  example  of  functional  design  with  integrally  , , . 

cast  “T”  slots  and  calibrating  scales.  cylinder  construction. 
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As  with  all  high-speed  two-cycle  cylinders,  the  ports  must 
have  smooth  walls  and  be  accurately  located  with  respect  to  longi- 
tudinal position.  These  ports  are  also  located  symmetrically  with  the 
radial  line  through  each  cylinder,  so  that  all  intake  and  all  exhaust 
ports  are  identical.  This  reduces  the  amount  of  precision  pattern 
equipment  that  is  necessary. 

It  will  be  seen  from  the  photograph  that  all  openings  from 
the  water  jacket  and  port  cores  are  arranged  on  the  sides  of  the  block 
with  none  showing  on  the  end.  This  design  avoids  possible  difficulty 
with  a seal  at  the  ends  of  the  block. 

Another  interesting  example  of  functional  casting  design 
is  the  adjustable  counterbalance  equipment  used  on  oil-well  pumping 
equipment  to  compensate  for  load  variations  in  pumping  operations. 
Figure  3 shows  a typical  unit.  The  one-piece  counterweight  can  be 
moved  along  calibrated  slide  rails  by  turning  an  Acme  screw  and  then 
locking  with  “T”  bolts.  The  inclined  rails  permit  the  maximum  coun- 
terbalance torque  to  be  supplied  with  given  weights  in  a given  overall 
crank  diameter.  The  integrally  cast  scale  makes  it  possible  to  obtain 
tabulated  values  of  counterbalancing. 


III.  DESIGNING  FOR  STRENGTH  AND  PERFORMANCE 

A.  GENERAL  TYPES  OF  CAST  IRON  . . . With  a clear  statement  and 
analysis  of  the  problem,  a preliminary  decision  on  the  material  and 
on  the  manufacturing  method  must  be  made  in  order  to  proceed  with 
the  design.  When  cast  iron  is  indicated  by  the  function  of  a part,  by 
its  intended  service,  or  by  company  policy,  one  of  the  numerous  types 
of  cast  iron  must  be  selected.  This  selection  should  be  regarded  as  a 
fiist  approximation,  subject  to  discussion  with  the  foundry  engineers. 

Cast  iron  is  a generic  term  that  identifies  a family  of  high 
carbon-iron-silicon  alloys  which  have  evolved  from  the  original  single 
material.  The  wide  variety  of  commercially  available  cast  irons  may 
be  considered  under  three  general  types.  (A  fourth  type,  malleable 
cast  iron,  is  the  product  of  another  division  of  the  foundry  industry.) 

1.  Gray  Cast  Irons:  Gray  irons  are  usually  classed  according  to 
their  ultimate  tensile  strength  in  a range  from  20,000  to  60,000  psi 
minimum.  Though  primarily  for  structural  purposes,  gray  iron  is  used 
in  a large  number  of  applications  involving  moderate  corrosion,  heat 
resistance,  or  wear.  The  traditional  gray  or  cast  iron  which  is  other- 
wise unspecified  comes  under  this  heading  in  the  lower  strength 
ranges.  It  is  the  most  commonly  used  type  because  of  its  ready  avail- 
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ability,  moderate  cost,  and  suitability  for  both  simple  and  very  com- 
plex castings. 

Alloys  (such  as  nickel,  chromium,  molybdenum,  and  va- 
nadium) may  be  added  to  develop  or  enhance  the  properties  desired 
by  the  purchaser.  The  alloy  content  may  be  specified  for  castings  in 
heat  or  corrosion  resisting  applications,  since  these  properties  are  dif- 
ficult to  establish  other  than  by  actual  use.  The  general  engineering 
grades  of  gray  iron  can  be  specified  most  conveniently  by  reference  to 
The  American  Society  for  Testing  Materials  specifications.  (See  chap- 
ters on  “Properties”  and  “Specifying  and  Purchasing.”) 

2.  White  and  High  Alloy  Cast  Irons:  Important  changes  in  analy- 
sis or  the  use  of  sizeable  quantities  of  alloys  will  materially  alter 
the  characteristic  properties  of  iron  castings.  They  can  be  made  very 
hard  (to  resist  wear  or  erosion),  relatively  stable  at  elevated  tem- 
peratures (to  resist  scaling  and  creep),  or  chemically  passive  (to  re- 


Fig.  4.  Effect 
of  Casting 
Thickness  on 
Strength  and 
Hardness  of 
Typical  Gray 
Irons. 

The  class  des- 
ignation given 
is  for  castings 
with  y2"  to  1" 
critical  section. 
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sist  some  kinds  of  corrosive  attack) . High  alloy  castings  can  be  made 
non-magnetic  or  with  a very  low  coefficient  of  thermal  expansion. 
Additional  information  is  given  in  the  “Properties”  chapter,  under 
“White  & High  Alloy  Irons.” 

3.  Ductile  (Nodular)  Cast  Iron:  This  recently  developed  material 
is  also  known  as  Ductile  Iron,  or  spheroidal-graphite  iron  (S-G  iron), 
and  is  considerably  different  from  gray  iron  in  its  properties.  A slight 
but  specific  modification  in  the  analysis  of  the  iron  causes  the  graphite 
particles,  which  are  flake-like  in  gray  iron,  to  occur  as  spheroids  in 
ductile  iron,  thus  giving  a high  yield  strength  and  ductility,  but  also 
modifying  some  of  the  other  properties.  There  are  several  grades  of 
ductile  iron  which  are  designated  by  code  numbers  based  on  their  elon- 
gation, yield  strength,  and  tensile  strength.  Further  data  will  be  found 
in  Chapter  Five,  Part  II,  “Properties  of  Ductile  (Nodular)  Iron.” 


Fig.  5.  The  Typical  Pro- 
duction Strengths  of 
Several  Cast  Irons  “As- 
cast”  and  When  Heat- 
treated. 


Tensile  Strength  — 1 000  Psi 


B.  THE  PROPERTIES  OF  CAST  IRONS 

1.  Tensile  Strength:  The  most  frequently  specified  property  of 
cast  iron  is  its  ultimate  tensile  strength.  While  tensile  strength  is 
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easily  measured,  it  is  important  to  select  a test  specimen  which  repre- 
sents the  properties  of  the  metal  in  the  casting.  The  properties  of  all 
metals  are  affected  by  their  solidification  and  cooling  rate.  Gray  iron 
is  particularly  sensitive  in  this  regard.  A light  and  a heavy  casting 
made  of  the  same  metal  will  have  a difference  in  properties.  Figure  4 
shows  the  effect  of  the  thickness  of  the  casting  on  the  strength  and 
hardness  of  unalloyed  gray  iron.  The  detailed  explanation  of  this 
phenomenon  is  complex,  but  basically  every  casting  is  a heat-treated 
part  by  virtue  of  its  cooling  from  the  molten  form.  All  heat  treat- 
ments of  irregularly  shaped  parts  are  complex  processes  and  nor- 
mally uneven  in  effect.  Thus,  the  tensile  strength  of  a given  section 
of  a casting  is  as  much  influenced  by  its  casting  history  as  by  the 
metal  used.  Hence,  it  is  a fallacy  to  specify  structural  types  of  cast 
iron  solely  by  chemical  composition.  For  production  control,  separately 
cast  test  bars  are  used  in  a size  which  is  representative  of  the  critical 
section  of  the  casting. 

The  typical  production  strengths  of  several  cast  irons  are 
shown  in  Figure  5 for  both  the  as-cast  and  the  heat-treated  condition. 
Most  classes  of  iron  can  be  significantly  increased  in  strength  by  heat 
treatment  at  some  sacrifice  in  other  properties,  but  this  treatment  is 
not  applicable  to  all  castings  because  of  size  and  shape  limitations. 
For  some  design  calculations,  it  is  necessary  to  use  a guaranteed  min- 
imum tensile  strength.  The  ASTM  class  number  equals  the  minimum 
tensile  in  thousands  of  psi.  The  shear  strength  of  gray  cast  iron  is 
approximately  equal  to  its  tensile  strength. 

2.  Compressive  Strength:  Cast  irons  have  particularly  good  com- 
pressive strengths.  For  gray  iron,  it  is  generally  three  to  five  times 
the  tensile  strength.  This  has  had  an  obvious  influence  on  design,  and 
is  the  basis  of  the  old  designer’s  rule:  “Place  ribs  in  compression.” 
The  use  of  a relatively  wide  flange  or  web  to  carry  the  tensile  stress 
is  illustrated  in  Figure  6 ; the  conventional  I-beam  is  often  replaced 
with  a T-beam  in  designing  for  gray  iron.  Where  members  are  pri- 
marily in  compression,  (for  example:  bases,  die  blocks,  and  saddles), 
gray  iron  is  directly  comparable  with  the  higher  strength  steels.  Fig- 
ure 7 compares  typical  compressive-strength  values. 

3.  Modulus  of  Elasticity:  The  non-ductile  types  of  cast  iron  theo- 
retically do  not  have  a modulus  of  elasticity,  since  no  portion  of  the 
stress-strain  curve  is  a straight  line,  Figure  8.  However,  there  is  only 
a minor  variation  in  the  slope  of  the  stress-strain  curve  in  the  com- 
monly used  range  of  stresses.  For  engineering  calculations  of  gray 
cast  iron,  it  is  common  to  use  the  slope  of  the  load-deflection  curve  at 
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Fig.  6.  The  “T”  Beam  is 
Suitable  for  Gray  Iron  Be- 
cause of  Its  High  Compres- 
sive Strength. 


25%  of  the  tensile  strength.  It  is  noteworthy  that  by  changes  in  com- 
position or  processing,  it  is  possible  to  vary  the  modulus  of  gray  iron. 
In  applications  requiring  resistance  to  heat  shock,  a low  modulus  of 
elasticity  is  essential.  Nodular  and  white  cast  iron  have  a modulus 
more  closely  approaching  that  of  steel.  The  commonly  used  values  are 
shown  in  Figure  9. 

4.  Yield  Strength : The  tensile  test  of  gray  cast  iron  does  not  re- 
sult in  a clearly  defined  yield  point.  The  usual  value  for  yield  strength 
is  taken  at  the  point  of  0.2%  elongation.  This  is  generally  about  85% 
of  the  ultimate  tensile  strength.  The  ductile  irons  do  have  a clearly 
recognizable  yield  point.  The  white  irons  have  none  at  all.  Figure  10 
gives  typical  values. 

5.  Endurance  Limit:  The  endurance  limit  is  the  limiting  stress 


Fig.  7.  Typical  Com- 
pressive Strength  Val- 
ues for  Several  Gray 
Cast  Irons. 
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Fig.  8.  Typical  Stress- 
strain  Curves  for  Vari- 
ous Types  of  Cast  Iron 
in  Tension. 


below  which  a metal  will  withstand  an  indefinitely  large  number  of 
cycles  of  completely  reversed  stress  without  fracture.  It  is  a measure 
of  the  fatigue  potential  of  a material.  The  values  shown  in  Fig.  11 
were  obtained  on  a rotating  beam  machine  where  the  stresses  in  the 
surface  of  the  samples  were  alternated  between  tension  and  compres- 
sion. Somewhat  higher  values  can  be  used  where  the  stress  varies 
from  zero  to  a maximum  in  only  one  direction. 

For  gray  cast  iron,  the  endurance  limit  is  about  35  to  50% 
of  the  tensile  strength.  In  contrast  to  other  metals,  notches  have  only 
a minor  influence  on  the  endurance  limit  of  gray  iron.  This  lack  of 
notch-sensitivity  is  an  outstanding  characteristic  of  gray  iron. 

6.  Elongation  and  Ductility:  Plastic  elongation  is  used  as  an  index 
of  the  ductility  of  metals.  While  gray  iron  is  not  usually  thought  of 
as  having  ductility,  elongation  does  range  from  0.2  to  about  1%.  The 
high-strength,  heat-treated  irons  show  elongation  of  less  than  0.2%. 
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Fig.  9.  Commonly  Used  Values 
for  the  Modulus  of  Elasticity. 

The  secant  to  25%  of  the  ulti- 
mate strength. 


Tensile  Modulus  of  Elasticity  - 1,000,000  Psi 


The  nodular  irons  test  in  the  range  of  3 to  20%,  depending  upon  type. 
These  values  are  results  from  tensile  test  specimens. 

Under  conditions  of  multi-axial  stress,  such  as  in  the  pres- 
ence of  notches  or  sharp  changes  in  geometry,  the  ductility  may  be 
substantially  reduced.  Thus,  the  ductility  of  a material  in  a complex 


As  Cast 

Heat  Treated  for  Strength 


mm 

•V 

GRAY  CAST  IRONS 

Class  20 


Class  30 


Class  50 


NODULAR  CAST  IRONS 

Type  60  - 45  - 10  (Annealed) 

Type  80  - 60  - 03 
Type  120-90-02 


40  60  80  100 

Yield  Strength  — 1000  Psi 


120 


Fig.  10.  Typical  Values 
of  Yield  Strength  for 
Several  Types  of  Cast 
Iron. 


Determined  at  0.2%  off- 
set. 
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Fig'.  11.  Typical  Endurance 
Limit  Values  for  Several 
Types  of  Cast  Irons. 

structure  may  be  con- 
siderably different 
from  that  indicated  by 
a conventional  test 
piece. 

Occasionally, 
designers  are  concern- 
ed about  the  lack  of 
ductility  in  gray  cast 
iron.  Figure  12  demon- 
strates that  it  does 
have  measurable  de- 
flection. Part  shown  is  a gray  cast  iron  resistor  grid,  used  in  electric 
motor  controls.  It  has  been  warped,  so  that  the  end  connections  have 
been  displaced  about  45°.  This  is  substantially  elastic  deformation, 
and  the  part  will  return  to  the  original  flat  shape  when  released. 

The  significance  of  ductility  in  many  cases  of  design  has 
been  exaggerated.  The  elongation  figure  usually  measured  in  tests 
is  the  maximum  reached  in  a tensile  failure  and  is  quite  unrealistic. 
The  elongation  at  the  yield  point,  (about  1%  for  mild  steel),  is  more 
significant. 

In  many  cases,  the  usefulness  of  a member  or  structure  is 
limited  by  the  allowable  deflection.  Beyond  this  point,  the  part  is  just 
as  useless  as  though  there  were  a tensile  failure. 

On  the  other  hand,  it  must  be  realized  that  gray  iron’s  lack 
of  ductility  does  not  permit  equalization  of  stresses  under  severe  over- 
loads. For  example,  when  two  ductile  cast  iron  members  are  bolted  to- 
gether on  faces  considerably  out 
of  alignment,  plastic  deforma- 
tion can  take  place  until  the  faces 
are  in  complete  contact.  These 
members  can  then  continue  to 
serve  effectively  if  the  distortion 

Fig.  12.  Gray  Cast  Iron  Has  Measur- 
able Deflection. 

A gray  cast  iron  resistor  grid,  elas- 
tically deflected  out  of  its  flat  shape, 
will  return  when  released. 
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is  not  detrimental.  Under  the  same  conditions  of  misalignment,  gray 
cast  iron  might  crack  if  conformance  were  forcefully  ‘attempted. 

Another  limitation  of  gray  iron  is  its  relatively  low  impact 
strength.  The  higher  tensile  strength  gray  irons  have  somewhat  better 
impact  properties  than  those  of  lower  strength.  The  annealed  nodular 
irons  have  good  impact  resistance,  and  should  be  used  where  this  prop- 
erty is  important. 


7.  Hardness:  The  range  of  hardnesses  available  in  cast  irons, 
shown  in  Figure  13,  is  similar  to  that  available  in  steels.  However, 
equivalence  in  the  hardness  of  two  different  materials  should  not  be 
interpreted  as  indicating  equality  in  related  properties.  For  example, 
gray  cast  iron  of  over  400  Brinell  hardness  is  likely  to  be  at  least  as 
wear  resistant  as  a medium  carbon  steel  of  over  600  Brinell  (Rc60). 
The  matrix  of  cast  iron  is  actually  harder  than  indicated  because  the 
testing  instrument  determines  average  hardness,  and  the  graphite 
present  in  the  iron  is  very 
soft.  The  Brinell  test  is  pre- 
ferred for  determining  the 
hardness  of  cast  iron,  as  it 
covers  sufficient  area  to  give 
a good,  average  value.  The 
hardness  of  gray  iron  varies 
with  its  tensile  strength,  but 
not  in  a simple  direct  rela- 
tion as  does  steel,  because 
there  are  several  factors  in- 
volved. For  example,  the 
shape  of  the  graphite  can  in- 
fluence strength  more  than 
it  does  the  hardness. 


Heat  Treated  for  Wear  Resistance 
Heat  Treated  for  Strength 


8.  Castabilitv:  The  cast- 
ability  of  a metal  refers  to 
the  ease  with  which  it  can  be 
cast  into  thin  sections  with 
complete  detail,  and  the  abil- 
ity to  be  cast  into  complex 
sections  without  internal  de- 
fects. The  ease  with  which 
the  liquid  metal  will  continue 
to  flow  in  a mold  depends  up- 
on its  analysis  and  the  pour- 
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Fig.  13.  Typical  Brinell  Hardness  Values  for 
Several  Types  of  Cast  Irons. 

The  ranges  available  through  heat  treating 
or  alloying  are  very  wide. 
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ing  temperature.  The  tendency  of  a metal  to  form  an  oxide  layer  on  its 
molten  surface  may  materially  reduce  castability.  Molten  cast  iron  is 
one  of  the  most  fluid  of  casting  alloys,  and  it  normally  presents  no 
problem  of  surface  film. 

The  change  in  volume  that  takes  place  during  solidification 
of  metal  is  most  important  to  the  ease  and  dependability  of  obtain- 
ing a sound  casting.  To  be  sound  and  true  to  pattern  a casting  must 
be  fed  additional  liquid  metal  while  it  solidifies.  This  is  necessary  to 
make  up  for  the  decrease  in  volume  of  the  metal  in  changing  from  a 
liquid  to  a solid.  This  “feed  metal”  is  usually  provided  by  an  append- 
age called  a “riser,”  which  is  attached  to  the  casting.  The  riser  is 
removed  when  the  casting  is  cleaned. 

The  amount  of  solidification  shrinkage  differs  consider- 
ably with  various  casting  alloys.  Gray  cast  iron  has  in  general  less 
shrinkage  than  other  casting  alloys,  since  the  unique  precipitation  of 
lightweight  graphite  during  solidification  offsets  part  of  the  shrinkage 
that  would  otherwise  be  evident.  In  fact,  Class  20  and  25  irons  (ASTM 
Specification  A-48)  contain  sufficient  graphite  so  that  there  is  often 
virtually  no  solidification  shrinkage.  However,  solidification  shrink- 
age should  not  be  confused  with  the  contraction  provided  for  by  the 
patternmaker’s  shrink  rule.  The  contraction  of  the  solid  metal  from 
the  time  it  solidified  until  it  cools  to  room  temperature  is  a matter  of 
ordinary  solid  thermal  contraction.  This  is  regularly  provided  for  by 
making  the  pattern  a proper  amount  larger  than  the  size  desired  in 
the  casting. 

9.  Machinability : Machinability  is  an  arbitrary  measure  of  the 
relative  ease  of  cutting  a metal.  One  standard  of  comparison  is  a free- 
cutting  grade  of  screw-machine  steel.  With  this  as  100%,  the  machin- 
ability of  cast  irons  will  range  from  less  than  50%  to  over  125%.  The 
critical  variable  in  these  tests  is  the  need  for  testing  each  material 
under  the  conditions  to  be  used  in  production.  For  example,  it  is  not 
satisfactory  to  use  the  machinability  index  from  a drilling  test  as  a 
measure  of  the  cutting  rate  on  a milling  operation. 

Although  irons  of  higher  strengths  and  higher  hardnesses 
are  generally  less  machinable,  it  is  important  to  recognize  that  there  is 
no  consistent  relationship  between  hardness  and  machinability.  Specific 
information  is  given  in  the  chapter  on  machining. 

10.  Wear  Resistance:  Cast  iron  serves  effectively  in  the  two  prin- 
cipal classifications  of  wear.  These  are  (1)  metal-to-metal,  or  fric- 
tional wear;  and  (2)  abrasive  wear,  which  is  caused  by  the  grinding 
action  of  a hard  material.  Gray  iron  is  used  extensively  for  engines 
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and  for  other  machines  with  rubbing  faces.  The  good  wear  resistance 
of  gray  iron  is  often  attributed  to  the  presence  of'  graphite  flakes 
scattered  through  the  iron,  much  the  same  as  graphite-impregnated 
bearings.  Of  course,  there  should  be  lubrication  for  best  operation, 
but  gray  iron  can  be  used  with  marginal  lubrication  where  other  ma- 
terials would  fail. 

The  type  of  wear  caused  by  abrasive  materials  is  usually 
handled  with  the  harder  grades  of  cast  iron,  some  of  which  are  still 
machinable.  Hardened  gray  iron  and  white  cast  iron  are  especially 
suited  to  high  unit  pressure  where  indentation  must  be  avoided.  There 
is  no  exact  correlation  between  hardness  and  wear  resistance,  since 
several  other  factors  are  also  important.  Although  considerable  in- 
formation is  available,  the  only  conclusive  test  of  suitability  is  the 
actual  use  of  the  part  in  the  service  for  which  it  is  intended.  Previous 
experience  is  the  best  guide  to  preliminary  selection. 

11.  Corrosion  Resistance:  Although  not  generally  classified  as  a 
corrosion-resistant  material,  unalloyed  gray  iron  normally  offers  bet- 
ter resistance  to  corrosion  than  other  general  purpose  ferrous  ma- 
terials. Under  atmospheric  conditions,  ordinary  cast  iron  rusts  quite 
readily.  However,  this  rust  forms  a relatively  adherent  protective 
coating,  which  offers  fairly  good  resistance  to  atmospheric  and  soil 
corrosion,  to  some  acids,  and  to  alkalis.  Some  cast  iron  water  mains 
and  gas  lines  have  served  for  more  than  100  years.  Special,  alloy  cast 
irons  are  used  for  some  of  the  more  difficult  corrosion  problems. 

12.  Vibration  Damping:  Gray  cast  iron  has  outstanding  damping 
qualities.  An  important  reason  for  its  use  in  machine  tool  frames  is 
its  ability  to  absorb  vibration.  This  is  especially  important  with  inter- 
rupted cuts,  as  on  a milling  machine.  Without  this  property,  the 
machine  could  develop  resonant  vibrations  which  would  result  in 
noticeable  chatter  marks  and  noise.  Gear  trains  running  in  cast  iron 
housings  are  generally  quieter  than  they  would  be  in  steel  housings. 

Figure  14  compares  the  relative  damping  capacities  of 
several  materials.  It  is  significant  that  damping  capacity  is  an  inverse 
function  of  the  modulus  of  elasticity.  This  range  of  properties  is  used 
as  a factor  in  the  design  of  crankshafts  where  severe  torsional  vibra- 
tions can  be  avoided  by  selection  of  the  optimum  modulus. 

Ordinarily,  the  mechanical  designer  is  not  concerned  with 
properties  other  than  those  just  listed,  but  there  are  a number  of 
applications  for  castings  where  special  requirements  are  necessary, 
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such  as  for  performance  at  elevated  temperatures.  Specifications  for 
this  class  of  work  include  high-temperature  oxidation  resistance, 
short-time  tensile  strength,  and  creep  rate.  Occasionally,  considera- 
tion must  be  given  to  the  electrical  or  thermal  conductivity,  coefficient 
of  thermal  expansion,  magnetic  properties,  and  specific  gravity.  Data 
on  all  of  these  are  available  in  the  Chapter  of  “Properties.” 

There  are  very  few  machine  elements  in  which  the 
strength  of  a material  is  the  sole  criterion  in  its  selection.  There  is 
necessary,  usually,  a balancing  of  different  requirements  in  which 
considerable  judgment  must  be  exercised.  Gears  are  an  example  in 
which  the  overall  consideration  minimizes  the  importance  of  tensile 
strength.  In  this  case,  wear  characteristics,  resistance  to  spalling  and 
flaking,  endurance  limit,  and  vibration-damping  qualities  are  decisive. 

C.  STRENGTH  AND  DEFLECTION  CALCULATIONS  . . . The  first  step  in 
the  analysis  of  a casting  application  is  to  receive  or  establish  all  of 
the  relevant  requirements.  These  should  include  environment  condi- 
tions, loading,  expected  life,  weight  or  size  limitations,  and  a descrip- 
tion of  adjacent  and  mating  parts.  There  may  be  some  applicable 
legal  codes,  such  as  the  ASME,  ICC,  or  API.  Government  specifica- 
tions are  increasing- 
ly important.  The 
service  conditions 
might  involve  steady 
or  variable  elevated 
temperatures,  corro- 
sion or  wear.  Special 
applications  may  re- 
quire electrical  or 
magnetic  properties. 

The  next 
stage  is  to  determine 
conditions  of  loading. 
These  are  the  peak 
intensity  and  degree 
of  impact,  location 
and  direction  of  forc- 
es, and  whether  they 

are  steady,  varying 
Fig.  14.  A Comparison  of  Damping  Capacity.  from  zerQ  to  maxj_ 

Several  materials  compared  by  their  relative  loss  in  mum  or  alternating 
vibrational  amplitude  per  cycle  at  various  stress  ,.  ’ ...  B 

levels.  trom  a positive  to 
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negative  maximum.  Eccentric  forces  should  be  resolved  into  axial, 
bending,  and  torsional  components.  Assembly  forces  and  effects  of 
normal  or  extreme  handling  should  be  considered.  With  this  informa- 
tion, it  is  possible  to  analyze  the  forces  and  to  lay  a foundation  for  the 
design. 

With  complex  or  critical  castings,  the  entire  procedure  will 
be  required  in  considerable  detail,  but  for  the  great  majority  of  the 
non-critical  castings  the  analysis  is  informal  or  instinctive.  The  ex- 
perienced designer,  especially  when  working  on  a familiar  product,  will 
recognize  low-stress  castings  by  inspection.  The  procedure  then  is  to 
“eyeball”  the  castings ; that  is,  to  draw  it  as  seems  necessary  to  fulfill 
a mental  summation  of  the  requirements. 

FACTOR  OF  SAFETY  ...  It  is  now  necessary  to  determine  the  allow- 
able stresses  and  deflection.  The  selection  of  the  factor  of  safety  de- 
pends on  the  judgment  of  the  designer.  With  the  variety  of  applica- 
tions in  use,  it  is  not  surprising  that  there  should  be  a range  of  values 
from  3 to  10,  and  even  greater. 

Many  factors  need  to  be  considered  in  establishing  a rea- 
sonable factor  of  safety.  First,  there  is  the  accuracy  with  which  the 
expected  loads  can  be  determined,  and  the  certainty  that  there  will 
not  be  additional  forces  imposed.  Then  there  should  be  an  additional 
margin  if  failure  would  result  in  injury  or  major  property  damage. 
Mechanisms  with  safety  devices,  such  as  shear  pins,  may  not  need  an 
allowance  for  overloads. 

The  yield  strength  is  the  commonly  used  basis  for  design 
rather  than  the  tensile  strength,  since  major,  permanent  deformation 
is  usually  synonymous  with  failure.  Where  there  are  a large  number 
of  rapid  cyclic  load  applications,  the  endurance  limit  is  used.  For  pre- 
cise design,  a distinction  should  be  made  between  fully  reversed  bend- 
ing and  zero  to  maximum  loads,  and  between  indefinite  life  and  a 
relatively  small  number  of  stress  cycles.  For  example,  it  is  logical  to 
assume  that  trucks  will  be  operated  at  capacity  load  50%  of  the  time, 
while  passenger  cars  typically  carry  a full  passenger  load  only  a frac- 
tion of  their  total  mileage.  Impact  loads  are  often  too  complicated  to 
calculate,  and  are  usually  covered  by  a factor  of  safety  of  1.5  for 
moderate  impact,  and  2 for  severe  impact. 

The  last  element  in  the  factor  of  safety  is  the  possibility 
of  encountering  variability  in  castings.  This  variation  may  show  up 
as  a minor  reduction  in  the  thickness  of  a critical  section  or  a major 
reduction  in  the  effective  cross-section  area  due  to  casting  defects. 
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This  will  be  at  a minimum  in  foundries  with  close  control  over  their 
operations.  Where  the  typical  strength  in  the  casting  is  far  enough 
above  the  required  minimum  and  the  variation  in  properties  is  suffi- 
ciently small,  additional  consideration  for  a casting  is  not  necessary. 
However,  in  critical  work,  an  extra  factor  of  2 is  frequently  added, 
where  it  would  not  be  for  a wrought  material.  With  a thorough  in- 
spection of  each  casting,  this  factor  might  be  omitted.  The  use  of 
X-ray  or  Gamma  rays  is  becoming  increasingly  popular  to  establish 
sound  foundry  practice,  and  also  for  inspection  in  critical  work. 

Allowable  deflections  are  determined  from  a study  of  the 
function.  In  hydraulic  machinery,  deflection  often  results  in  an  in- 
crease in  leakage  whose  upper  limit  may  be  specified.  Where  there 
are  relationships  among  cams,  linkages,  or  latches,  deflections  are 
specified  in  terms  of  error  of  positioning.  The  alignment  of  sliding 
members  is  determined  by  the  maximum  wedging  or  cocking  action 
permissible. 

D.  EVALUATING  CASTING  DESIGN  ...  In  the  development  of  a new 
machine,  the  objective  is  to  get  components  which  will  perform  suc- 
cessfully when  assembled  and  operated  in  the  normal  manner.  This 

implies  long-term  tests  of  a 
number  of  units,  a slow,  ex- 
pensive process.  A number 
of  direct  methods  can  be  ap- 
plied to  shorten  the  develop- 
ment period. 

In  the  case  of  a 
casting,  it  is  necessary  to 
separate  the  factors  of  cast- 
ing quality  from  design  suit- 
ability. Before  the  design  can 
be  evaluated,  it  is  essential 
to  have  a sound  casting  that 
is  typical  of  the  castings  to 
be  produced.  The  destructive 
and  non-destructive  tests  de- 
scribed in  Section  V of  this 
chapter  can  be  used  to  check 
the  experimental  castings. 

With  a sound, 
typical  casting,  structural 
types  can  be  evaluated  by 
load-deflection  tests.  Exter- 


Fig.  15.  A Simple  Application  of  a Wire 
Strain  Gage. 


A single  wire  strain  gage  used  on  a saw  table 
to  check  on  grinding  stresses. 
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nal  loads  are  applied  to  correspond  to  normal  or  abnormal  forces.  Strain 
gages  of  the  SR-4  type  are  located  in  the  critical  locations  and  direc- 
tions. A simple  test  employing  only  one  gage  is  shown  in  Figure  15. 
These  small,  inexpensive  gages  consist  of  a length  of  very  fine  wire 
arranged  in  various  patterns,  and  bonded  to  a paper  base.  In  use,  the 
gage  is  cemented  to  the  member  to  be  tested  and  is  thus  uniformly 
strained  with  the  test  piece,  in  either  tension  or  compression. 

Strain  gage  tests  give  the  unit  elongation  in  the  outside 
surface  of  the  casting  at  the  point  where  the  gage  is  attached  and  in 
the  direction  of  gage  orientation.  On  complicated  castings,  where  there 
may  be  doubt  about  the  exact  direction  of  maximum  stress,  it  is  con- 
venient to  use  the  rosette  type  gage.  This  is  a set  of  separate  gages, 
cemented  on  a single  paper  base  in  an  angular  pattern,  so  as  to  reveal 
the  direction  of  stress  by  components. 

Considerable  judgment  is  necessary  to  locate  the  gages  at 
the  points  of  maximum  stress.  A special  brittle  lacquer  called  “Stress- 
coat”  is  often  used  to  indicate  these  critical  points.  The  crazing  of  the 
lacquer,  when  the  casting  is  loaded,  shows  high  stress  areas  in  the 
form  of  concentrations  of  cracks  in  the  lacquer  coating.  Actual  strain 
measurement  is  possible  by  determining  the  threshold  strain  value 
necessary  to  produce  cracks  on  a standard  specimen,  but  controlled 
conditions  and  considerable  experience  are  necessary  to  obtain  de- 
pendable data  in  this  manner. 

Values  for  stress  are  determined  from  strain  measure- 
ments by  use  of  the  modulus  of  elasticity.  For  approximate  work,  the 
modulus  can  be  estimated  by  measuring  the  tensile  strength.  For 
critical  work,  the  actual  modulus  curve  should  be  obtained  by  de- 
termining the  stress-strain  curve  on  a specimen  which  is  representa- 
tive of  the  iron  in  the  casting. 

Accelerated  life  tests  to  reveal  wear,  corrosion,  or  fatigue 
characteristics  must  be  conducted  with  care  if  the  results  are  to  be 
an  accurate  evaluation.  The  acceleration  of  the  test  must  not  change 
important  conditions  of  service. 

In  addition  to  these  direct  considerations  of  a casting’s 
suitability,  the  other  interested  departments  should  also  check  the 
sample  castings.  Manufacturing  should  make  final  decisions  on  ma- 
chining rates  and  study  the  actual  use  of  jigs  and  fixtures.  The  finish- 
ing and  assembly  departments  should  have  a final  chance  to  spot 
potential  problems  in  their  operations.  The  service  department  often 
can  advise  on  problems  that  may  develop  when  the  product  reaches 
the  customer. 
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IV.  DESIGNING  FOR  APPEARANCE 

A.  INHERENT  DESIGN  . . . One  of  the  objectives  of  industrial  design 
is  to  produce  a part  with  pleasing  lines.  The  ideal  is  usually  some- 
where between  widely  flowing  curves  which  completely  envelop  the 
part,  and  sharply  angular,  fiat-faced  designs.  Fortunately,  one  of  the 
advantages  of  the  casting  process  is  that,  by  its  very  nature,  it  allows 
an  approach  to  design  which  yields  a pleasing  appearance.  Generally, 
a part  which  is  castable  has  a better  than  average  chance  of  being 
considered  attractive.  In  fact,  the  flexibility  of  casting  design  permits 
the  use  of  compound  curves  which  would  be  difficult  to  obtain  with 
other  fabricating  methods.  Figure  16  shows  a gear  drive  with  a wide, 
flowing  base  which  suggests  ruggedness  and  stability. 

A large  amount  of  the  current  industrial  design  work  is 
on  housings  for  machinery.  There  has  been  a tendency  to  neglect  the 
appearance  of  the  interior  mechanism,  since  it  is  to  be  covered  up  in 
service.  Granted  that  housings  are  often  necessary  to  keep  monkey 
wrenches  and  people’s  hands  out  of  the  works,  there  is  still  no  reason 
for  always  hiding  attractive  machinery. 

Actually,  machinery  should  be  accessible  for  maintenance. 
In  recent  years,  there  has  been  a reaction  against  the  “streamline 
era  during  which  hydraulic  and  electrical  components  of  machine 
tools  were  buried  inside  of  the  main  housing.  These  exposed  auxil- 
iaries now  often  need  the  same  design  effort  for  appearance  as  the 
main  housings. 

Much  machinery  has  been  built  recently  in  which  the 


Fig.  16.  A Gear  Drive 
with  Clean  Lines  and 
Flowing  Base,  Sug- 
gesting Ruggedness 
and  Stability. 


56 


DESIGN  OF  GRAY  IRON  CASTINGS 


mechanisms  are  mounted  on  a frame,  which  is  then  enclosed.  One  of 
the  real  advantages  of  castings  is  that  the  inner  structural  member 
can  be  combined  with  the  outer  sheath.  The  structural  stiffness  is 
supplied  by  ribs,  and  the  mounting  points  for  mechanism  are  the 
bosses  and  integral  brackets.  This  construction,  which  is  rather  simi- 
lar to  that  of  clock  motors,  enforces  an  especially  close  relationship 
between  function  and  appearance. 


B.  APPLIED  DESIGN  . . . There  is  a limited  field  for  surface  markings 
used  with  discretion.  While  the  abuses  of  the  1890  period  should  be 
avoided,  there  need  not  be  any  large  blank  faces. 

With  skillful  minor  shading,  it  is  possible  to  emphasize 
the  length  of  a part,  or  its  height,  solidity,  or  slenderness.  Dividing 
up  a large  area  with  bands  or  panels  helps  to  minimize  rejections  due 
to  minor  surface  defects.  Surface  markings  can  be  used  to  reduce  the 
prominence  of  a row  of  exposed  screws  by  incorporating  them  in  a 
slightly  raised  band.  Also,  an  unbalanced  appearance  of  a machine’s 
components  can  sometimes  be  made  more  acceptable  by  balancing 
with  raised  panels. 

Trade  marks  are  easily  incorporated  in  the  applied  design. 
This  can  be  done  either  as  simple  lettering  and  insignias  or  as  a com- 
plex pattern.  Where  a sufficiently  fine  finish  is  available,  sharply  de- 
fined characters  as  small  as  %"  are  practical. 

Instructions  and  name  plates  are  often  cast  integrally, 
eliminating  the  possibility  of  mismarking  or  loss  through  painting 


Fig.  17.  Integrally  Cast  Instructions  and  Operating  Data. 

Trademarks  or  information  in  this  form  retain  legibility  through  accumulation  of 
dirt  and  repainting. 
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over.  Figure  17  is  an  example  of  this  practice.  For  maximum  legibil- 
ity, the  lettering  is  sometimes  painted  in  a contrasting  color.  After  a 
general  base  coat,  a layer  of  paint  is  rolled  on  the  tops  of  the  letters. 
Occasionally,  the  tops  of  the  letters  are  lightly  belt-sanded  before  roll- 
ing on  the  contrasting  color,  to  increase  legibility. 

C.  TECHNIQUES  IN  STYLING  ...  It  is  much  easier  to  understand  the 
arrangement  and  functioning  of  a casting  from  mechanical  drawings 
than  it  is  to  visualize  the  appearance.  Three-dimensional  illustrations, 
such  as  isometric  and  perspective  drawings,  will  help,  but  still  require 
interpretation.  The  best  study  of  appearance  is  with  a scale  model, 
full  size  when  possible. 

This  model  might  be  a wood,  clay,  or  plaster  mock-up  for 
a study  of  appearance.  Or  it  might  be  an  accurate  working  model  for 
a study  of  functioning  and  relationships  with  adjacent  equipment.  In 
either  case,  non-technical  personnel  can  get  a clearer  understanding 
of  new  developments,  and  consumer  reactions  can  be  polled  more 
exactly  with  a model  than  a drawing. 

A model  will  help  to  decide  the  question  of  castability  on 
complicated  parts  and  the  details  of  molding  practice.  It  will  also  be 
useful  in  planning  machining  operations  and  assembly. 

The  bi  oad  field  of  industrial  design  is  comparatively  new. 
The  laigest  manufacturing  firms,  primarily  those  making  consumer 
products,  have  their  own  design  specialists.  However,  the  average 
organization  often  finds  it  more  practical  to  hire  a consultant  for 
specific  problems.  A competent  industrial  designer  often  can  get  the 
maximum  benefit  from  the  advantages  of  iron  castings. 


Fig.  18.  The  Sawed  and  Etched  Section 
of  a Large  Casting  with  Cast-in-place, 
Stainless  Steel  Threads. 

Stainless  steel  ‘ T Ic! i-(\i il s”  are  incor- 
porated in  the  mold,  so  that  they  be- 
come part  of  the  casting.  This  elimi- 
nates drilling  and  threading  opera- 
tions, as  well  as  providing  a rustproof 
non-binding  thread. 


V 
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V.  DESIGNING  FOR  PRODUCIBILITY 

A casting  designed  so  that  it  will  theoretically  satisfy 
strength  and  performance  requirements  still  must  be  capable  of  man- 
ufacture. Even  at  this  advanced  stage  in  development,  the  design  is 
only  preliminary  and  its  producibility  must  be  studied. 

In  the  stress  analysis  stage,  casting  design  is  not  much 
different  from  designing  for  other  fabricating  methods,  but  designing 
sound  and  economical  castings  is  a more  elusive  matter.  Traditionally, 
a thorough  understanding  of  the  casting  process  has  been  thought 
necessary  to  design  for  producibility.  However,  with  the  trend  to- 
wards specialization,  the  general  machine  designer  is  less  likely  to 
have  this  detailed  foundry  knowledge.  Thus,  there  is  the  need  for 
close  cooperation  between  the  designer  and  foundry  engineer. 

This  division  of  responsibility  is  advantageous  in  freeing 
the  designer  for  his  primary  duty.  A designer  who  is  overly  impressed 
with  the  need  to  provide  uncomplicated  designs  to  simplify  molding 
may  lose  sight  of  chances  to  make  major  product  improvements.  A 
more  expensive  casting  can  be  welcomed  if  there  is  a compensating 
reduction  in  the  cost  of  other  stages  of  manufacture. 

To  take  full  advantage  of  the  casting  process,  the  designer 
should  not  avoid  complexity  but  should  incorporate  it,  up  to  the  eco- 
nomical limit.  The  objective  should  be  not  the  simplest  casting,  but 
should  be  the  most  economical  one,  with  all  facts  considered.  This 
economic  limit  will  vary  for  different  applications  and  often  can  be 
determined  by  comparing  cost  studies  of  alternative  designs. 

Of  course,  the  general  machine  designer  should  have  a 
working  knowledge  of  the  factors  that  affect  producibility.  There  are 
no  rigid  rules  which  apply  consistently,  although  there  are  some  gen- 
eral principles. 

A.  SOUNDNESS  OF  CASTINGS  . . . Obtaining  castings  which  are  free 
from  flaws  is  a continuing  problem  for  the  foundry,  but  most  grades 
of  cast  iron  are  fairly  good  in  this  respect.  The  high  fluidity  of  the 
molten  metal  and  the  low  shrinkage  during  solidification  permit  suc- 
cessful castings  to  be  made  of  some  shapes  which  would  be  impos- 
sible with  other  metals.  Iron  casting  design  can  be  approached  with 
confidence. 


The  following  general  comments  on  design  are  primarily 
intended  as  a guide  for  the  less-experienced  designer.  The  man  who 
has  seen  many  castings  go  into  machinery  realizes  that  there  are 


59 


DESIGN  OP  GRAY  IRON  CASTINGS 


Figs.  19  and  20.  Vari- 
ations in  Casting  De- 
sign May  Influence 
Foundry  Practice. 

The  hub  in  Fig.  19  is 
thin  enough  so  that  it 
is  one  of  the  first  parts 
of  the  casting  to  solid- 
ify (darkest  shading). 
Because  of  this,  the 
casting  may  be  ade- 
quately fed  (provided 
with  additional  liquid 
metal  during  solidifi- 
cation) by  only  one 
riser  (appendage  to 
the  casting  which  is 
removed  in  cleaning). 
When  the  hub  is  heav- 
ier than  the  surround- 
ing web,  it  may  be 
necessary  to  provide 
an  additional  riser,  as 
in  Figure  20. 


times  when  these  precautions  can  be  waived.  On  the  other  hand,  there 
will  be  some  castings  which  will  be  especially  difficult  to  cast.  Cer- 
tainly, the  foundries  with  experienced,  scientific  management  and 
process  control  can  be  expected  to  produce  good  castings  of  a design 
which  might  cause  a high  scrap  rate  in  some  other  foundry  without 
these  attributes. 

1.  The  sequence  of  solidification  in  a casting  affects  the  sound- 
ness of  the  casting.  This  is  primarily  dictated  by  the  shape  of  the  part, 
but  the  foundry  usually  can  help  with  changes  in  molding  and  casting 
techniques. 

An  example  of  a good  sequence  of  solidification  or  direc- 
tional solidification  is  shown  in  Figures  19  & 20.  The  top  sheave  cast- 
ing in  Fig.  19  has  a sufficiently  light  hub  that  the  molten  metal  in  it 
solidifies  first  after  the  casting  is  poured.  The  disk  portion  solidifies 
secondly  and  the  rim  is  the  last  part  of  the  casting  to  solidify.  This  is 
shown  by  the  shading,  the  darkest  areas  having  solidified  first,  the 
light  areas  last.  The  riser  (shrink  bob)  is  attached  to  the  last  part  of 
the  casting  to  solidify,  and  since  all  solidification  was  progressive  to 
this  point,  the  casting  will  be  completely  sound.  (Solidification  pro- 
ceeded around  the  rim  from  the  side  furthest  from  the  riser  because 
the  molten  metal  was  cooled  somewhat  in  flowing  that  far  in  the 
mold.) 

The  casting  in  Figure  20  has  a heavy  hub  and  rim  sepa- 
rated by  a thin  disc  that  solidifies  first.  The  foundryman  must  pro- 


60 


DESIGN  OF  GRAY  IRON  CASTINGS 


vide  an  additional  riser  to  feed  the 
hub  otherwise  it  would  not  be  sound 
unless  the  casting  were  poured  in 
a grade  of  iron  which  has  no  ap- 
preciable solidification  shrinkage. 

Isolated  heavy  sections  which  are 
not  readily  accessible  for  risering 
may  be  cast  satisfactorily  by  the 
use  of  mold  inserts  (chills).  While 
the  foundry  can  use  a number  of 
special  techniques,  dependence  on 
these  may  delay  production  and 
can  increase  the  cost  of  the  casting. 

Minor  design  changes  suggested  by 
the  foundryman  can  often  mini- 
mize the  need  for  special  practice. 

2.  While  adjacent  sections  of 
widely  varying  thickness  can  be 
cast,  the  foundry’s  job  will  be  eas- 
ier if  the  sections  are  connected 
with  generous  tapers,  as  shown  in 
Figure  21.  Thickness  variations  in  ratios  up  to  4 to  1 (i.e.  1"  to  %") 
are  generally  no  problem.  Differences  greater  than  this  can  often  be 
handled,  particularly,  if  property  requirements  are  not  too  severe,  or 
if  alloying  is  possible.  The  foundry  engineer  and  metallurgist  should 
be  able  to  make  helpful  suggestions  in  extending  practical  limitations. 


Fig.  21.  The  Use  of  Generous  Tapers 
Between  Adjoining  Sections  of  Dis- 
similar Thicknesses  Is  Desirable. 


3.  A good  fillet  radius  should  be 


approximately  equal  to  one-half 
the  average  section  thickness, 
with  a minimum  of  1/4".  Here 
there  is  a conflict  of  interest 
which  must  be  resolved  in  spe- 
cial cases.  Large  radii  favor 
lower  stress  concentrations, 


Fig.  22.  Large  Radii  Increase  the  Ef- 
fective Metal  Thickness  in  “Y”,  “T” 
and  “X”  Sections. 

Although  the  use  of  larger  radii  is 
normally  desirable,  it  has  the  disad- 
vantage in  “Y”,  “T”  and  “X”  sections 
of  increasing  the  effective  difference 
in  metal  thickness.  This  is  shown  by 
the  increased  size  of  cylinders  in- 
scribed in  junctions  with  enlarged 
fillet  radii. 


61 


DESIGN  OF  GRAY  IRON  CASTINGS 


streamline  flow  of  molten  metal  in  the  mold,  and  easier  pattern  with- 
drawal. The  smaller  fillets,  however,  avoid  isolated  concentrations  of 
metal  in  a Y,  T,  or  X shaped  section.  Figure  22  illustrates  this  condi- 
tion. The  severity  of  the  shrinkage  problem  is  a function  of  the  diame- 
ters of  the  inscribed  circles.  This  consideration  is  of  less  importance 
when  casting  in  gray  iron  than  in  other  metals. 

4.  Care  must  be  taken  where  an  exposed,  critical  face  is  backed 

up  by  ribs  and  bosses.  If 
these  interior  projections  are 
very  large  compared  to  the 
face  thickness,  there  may  be 
a hollow  on  the  face  opposite 
the  projections.  Where  the 
face  is  to  be  machined,  a 
slight  padding  on  the  face 
side  will  avoid  the  dimple. 
When  appearance  is  the  only 
consideration,  a decorative 
pattern  on  the  face  will  min- 
imize the  apparent  defect. 

5.  Core  shifting  should 
be  guarded  against  by  the 
use  of  ample  support.  Where  a casting  with  a blind  cavity  is  required, 
an  extra  core  print  sometimes  can  be  used  to  advantage,  even  though 
it  results  in  an  unnecessary  opening. 

Chaplets  should  be  used  with  caution, 
since  it  is  sometimes  difficult  to  obtain 
effective  fusion. 

6.  Cores  in  beam-shaped  members 
can  sometimes  be  avoided  by  replacing 
tubular  sections  with  U-  or  I-type  open 
sections,  as  in  Figure  23.  This  helps  pro- 
vide better  castings  by  eliminating  the 
cores.  On  the  other  hand,  a core  is  some- 
times used  in  a large  hub  where  a hole  is 
to  be  machined.  This  is  done,  even  though 
it  would  be  no  more  expensive  to  drill  out 
a solid  hub,  if  use  of  the  core  decreases 
the  casting  thickness  ratio.  However,  a 
core  that  is  thinner  than  the  metal  sec- 
tion around  it  may  also  be  a problem. 

7.  Complicated  castings  with  con- 
centric structures  sometimes  are  troubled 


Fig.  24.  A Design  in  Consider- 
ation of  Differential  Cooling 
Strains. 

The  tied-in  spokes  are  curved 
and  offset  to  provide  for  dif- 
ferential contractions.  This 
consideration  is  desirable  but 
not  vital  in  designing  for  gray 
iron. 


Fig.  23.  “U”  and  “I”  Sections  in  Castings 
Avoid  Coring. 

Arrows  indicate  preferred  parting  planes. 
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by  cracks  caused  by  the  differential  cooling  of  the  various  sections  of 
the  casting.  Figure  24  shows  how  a handwheel  rim  can  be  offset  from 
the  hub  to  allow  for  the  relieving  of  cooling  stresses.  A small,  uneven 
number  of  spokes  or  curved  spokes  would  help.  However,  the  millions 
of  straight-spoked  wheels  which  have  been  successfully  cast  are  evi- 
dence that  this  is  not  commonly  a problem. 

B.  FACTORS  AFFECTING  CASTING  COSTS  ...  It  is  possible  to  approach 
the  subject  of  cost  reductions  by  studying  the  elements  of  casting 
costs.  This  is  a joint  responsibility  of  the  designer  and  foundryman. 

1.  Direct  Costs 

a.  The  number  of  cores,  their  size,  and  complexity,  are 
important  cost  factors.  Also  to  be  included  are  core  preassembly, 
gaging,  installation  in  the  mold,  and  chaplets  (when  used).  Changes 
in  design  that  permit  green  sand  cores  are  worthwhile,  as  is  the 
consolidation  of  cores.  Cores  rugged  enough  to  be  made  without  in- 
ternal wires  or  rods  are  less  expensive  than  those  which  require  re- 
inforcement. 

b.  Unit  pattern  costs  are  determined  by  the  total  cost  of 
the  patterns,  match  plates,  core  boxes,  core  driers,  and  special  flasks, 
if  used,  divided  by  the  estimated  quantity  of  castings  to  be  produced. 
On  long  runs  an  allowance  for  maintenance  should  be  included.  The 
principal  cost  reduction  possible  is  in  the  elimination  of  cores,  and, 
consequently,  core  boxes. 

c.  The  quantity  involved  is  a factor  in  costs,  in  that  it 
determines  the  type  of  pattern  and  molding  equipment  used.  The 
daily  or  monthly  rate  may  be  more  significant  than  the  total  quantity. 
This  determination  of  economic  lot  size  has  been  studied  and  used 
by  experts  in  many  fields.  The  principles  also  apply  to  castings. 

d.  The  cost  of  cleaning  cast- 
ings is  a surprisingly  high  percentage 
of  the  total  cost.  Castings  with  small 
gates  and  risers  require  a minimum  of 
hand  grinding.  If  gates  and  risers  are 
located  on  unimportant  faces,  they  may 
not  require  any  work.  A plane  parting 
line  is  most  easily  cleaned.  Cores  posi- 
tioned by  several  generous  core  prints, 
not  only  are  more  easily  and  accurately 
located,  but  can  be  cleaned  out  more 
economically  and  thoroughly.  Castings 
rugged  enough  to  be  tumbled  can  be 


Fig.  25.  Maximum  Radii  and 
Draft  Allowances  are  Desir- 
able in  Pockets  To  Be  Molded 


(Exaggerated  in  the  sketch  for 
illustration). 
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cleaned  with  less  handling. 

e.  The  type  of  metal  used  affects  castings  costs  directly. 
An  increase  in  the  percentage  of  rejected  castings  may  result  from 
the  selection  of  a material  not  having  the  best  castability. 

f.  Minimum  radii  and  draft  allowances  in  internal  green 
sand  pockets  may  cause  molding  difficulties.  Figure  25  shows  an  exag- 
gerated example  of  recommended  practice. 

g.  The  molding  time  for  uncored  castings  is  about  the 
same,  regardless  of  design  complexities,  for  a given  flask  size,  when 
using  mounted  patterns  and  mechanical  molding  equipment.  Thus, 
multicavity  molds  are  a clear  advantage,  and  there  is  no  cost  penalty 
for  the  addition  of  extra  elements  or  detail. 

These  direct  costs  factors  are  all  replaced  by  a single  cost 
when  the  castings  are  obtained  from  an  outside  supplier,  or  if  a com- 


Fig\  26.  Typical  Gages 
for  Checking  Casting 
Dimensions: 


A.  A simple  adjustable 
GO  - NO-GO  gage 
for  casting  thick- 
ness. 


B.  A milled  plate  gage  for 
checking  cored  hole  lo- 
cations. 


C.  A more  complex  jig  for  gaging  and  for  lo- 
cating machining  references  (justifying). 
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prehensive  cost-control  system  is  in  use  in  a captive  foundry.  This 
means  that  it  is  possible  to  compare  two  alternative  designs  by  get- 
ting quotations  on  each.  However,  the  indirect  costs  should  also  be 
considered  for  a complete  analysis. 

2.  Indirect  costs 

a.  The  cost  of  machining  is  frequently  the  major  item  in 
manufacturing.  The  machinability  rating  of  the  iron,  the  volume  of 
material  to  be  removed,  and  the  use  of  locating  fixtures  are  all  in- 
volved in  casting  design.  There  are  some  cases  where  casting  design 
is  responsible  for  defects  which  are  not  discovered  until  part  of  the 
machining  has  been  completed.  The  cost  of  this  wasted  machining 
should  be  considered  a charge  against  this  particular  casting  design 
in  the  cost  analysis.  The  foundry’s  liability  is  limited  to  the  replace- 
ment of  defective  castings. 


Fig.  27.  Provision  for  Machine  Tool  Chucking  May  Be  Designed  as  Part  of  Casting. 

This  may  be  removed  in  the  final  operation,  permitting  complete  machining  with- 
out rechucking. 


b.  Assembly  operations 
are  simplified  with  accurately 
gaged  castings  which  fit  mating 
parts.  Shown  in  Figure  26  are  typi- 
cal gages  for  checking  casting  di- 
mensions. A reduced  number  of 
parts  will  usually  reduce  assembly 
costs. 


Fig.  28.  Clamping  Pads  May  Be  Designed 
as  a Part  of  a Casting  Which  Would 
Otherwise  Be  Awkward  to  Handle  in 
Standard  Chucks. 
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e.  Lighter,  more  com- 
pact, and  more  rugged  castings  re- 
sult in  lower  transportation  and 
packing  costs  from  the  foundry  to 
the  manufacturer  and  throughout 
the  distribution  system. 

It  is  possible  to  go  be- 
yond these  cost  considerations  to 
attempt  a comparison  between  a 
casting  and  a part  made  by  an  al- 
ternative process.  However,  this  is 
an  exceedingly  difficult  job,  as  all 
of  the  direct  and  indirect  factors  in 
both  processes  must  be  considered, 
and  the  two  parts  must  be  com- 
parable in  all  respects.  Even  with 
these  requirements  satisfied,  no  general  conclusions  between  proc- 
esses can  be  drawn,  because  changes  in  time,  location,  and  company 
policy  will  affect  the  balance. 

3.  Design  Tips 

a.  Projections  can  be  added  onto  castings  to  facilitate 
clamping  for  machining.  Where  parts  are  to  be  machined  all  over,  a 
chucking  grip  can  be  provided,  (as  in  Figure  27)  to  be  cut  off  as  the 
final  operation.  The  machining  sequence  is  then  comparable  with  that 
on  an  automatic  screw  machine. 

b.  Awkwardly  shaped  parts  can  be  handled  in  standard 
chucks  with  the  addition  of  clamp- 
ing pads,  as  in  Figure  28.  These 
pads  may  be  inconspicuous  and  left 
in  place  or  cut  off  when  necessary. 

Where  machining  fixtures  are  pro- 
vided, the  pads  serve  as  locating 
points.  Some  foundries  can  supply 
targetted  castings  in  which  these 
locating  pads  are  accurately  ground 
with  respect  to  the  body  of  the 
casting. 

c.  Clamping  large, 
straight-sided  castings  to  a planer 
table  is  simplified  if  projecting  lugs 


Fig.  30.  By  the  Use  of  Cast-on  Bosses 
Rapid  Assembly  May  Be  Facilitated. 


Threaded  steel  inserts  may  also  be 
cast  in  place. 


Fig.  29.  Clamping  is  Simplified  by  the 
Use  of  Projecting  Lugs  Provided  as 
Part  of  the  Casting  for  This  Purpose. 
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are  provided  for  the  purpose.  Fig- 
ure 29  shows  how  small  clamps  can 
be  used  and  the  entire  face  left 
clear  for  machining. 


d.  Cast  iron  is  a logical 
choice  where  weight  is  important 
for  stability,  because  of  the  low 
cost  of  iron  in  a given  casting.  It  is 
used  to  lower  the  center  of  gravity 
of  mobile  equipment,  to  increase 
weight  to  prevent  sliding,  and  to 
counterbalance  moving  or  rotating 


parts.  These  masses  can  be  made 
very  economically  in  cast  iron,  with 
the  further  advantage  of  molding  a 
shape  to  suit  the  space  available. 

The  greatest  economy  is  obtained 
when  these  masses  are  incorpor- 
ated as  an  integral  part  of  the 
machine  body.  Crankshafts  are  an 
important  application  of  this  technique. 


Fig.  31.  Steel  Tubing  May  Be  An- 
chored in  an  Iron  Casting  by  the  Use 
of  a Weld  Plug. 


e.  Fastenings  can  be  incorporated  in  design  by  using  as- 


Fig.  32.  Three  Machine  Parts  Cast  and  Machined  As 
One  Piece. 

Casting,  machining  and  handling  may  be  expedited  by 
combining  parts  which  may  be  easily  separated  later. 
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cast  bosses,  with  push-on-type 
spring  clips.  Figure  30  illustrates 
one  possible  application  of  this 
method.  Riveting  is  applicable  to 
cast  iron  assemblies  by  using  tubu- 
lar rivets  and  rolling  the  lip  down 
without  impact. 

f.  It  is  sometimes  nec- 
essary to  secure  a cast-iron  flange 
or  bushing  onto  a steel  tube  or  bar. 
A reliable  anchor  can  be  obtained 
by  coring  a side  hole  in  the  casting 
and  arc-welding  a button  in  this 
hole  on  assembly,  as  in  Figure  31.  There  is  no  need  for  fusion  with 
the  casting,  since  the  lock  is  purely  mechanical.  Actual  brazing  or 
welding  is  also  practical. 

g.  Some  parts  can  be  handled  better  in  production  as  a set, 
rather  than  singly.  Figure  32  shows  a case  where  three  parts  were 
cast  as  one,  with  considerable  advantage  in  handling  and  machining. 
They  were  turned,  milled,  and  bored  before  being  cut  apart. 

h.  Some  intricate  coring  can  be  eliminated  if  a casting  is 
made  in  two  halves  with  a brazed  or  bolted  connection  of  the  halves. 
This  is  especially  desirable  if  the  core  prints  are  so  small  that  support 
would  be  inadequate,  and  clean-out  difficult.  Automotive  automatic 
transmissions  use  control-circuit  blocks  of  this  type. 

i.  The  problem  of  registering  mating  castings  can  be  sim- 
plified by  providing  a bead  on  the  edge  of  one  of  them.  Figure  33 
shows  this  arrangement.  The  customary  range  of  casting  tolerances 
can  be  accommodated  this  way,  in  addition  to  providing  a decorative 
belt. 


Fig.  33.  An  Edge  Bead  May  Simplify 
the  Registering  of  Mating  Castings 
and  Improve  Appearance. 


j.  Where  two  castings  are  to  be  joined  without  any  ma- 
chining of  the  butting  faces,  the  irregularities  can  be  covered  with  a 
stepped  joint.  Figure  34  is  an  example  of  this  cost-reducing  method. 

C.  CASTING  TOLERANCES  ...  It  barely  needs  to  be  stated  that  there 
are  direct  benefits  .from  close  casting  tolerances.  For  small  and  me- 
dium sized  castings,  there  is  the  possibility  of  assembling  unmachined 
castings.  In  general,  the  amount  of  metal  to  be  machined  is  affected 
by  casting  tolerances. 
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For  ordinary  green  sand 
molds,  the  closest  tolerances  can 
be  held  between  points  in  one  part 
of  a flask,  the  greater  error  being 
across  the  parting  line.  The  follow- 
ing list  suggests  the  basis  for  the 
usual  tolerance  build  up. 

1.  Pattern  deviation  from 
the  drawing.  This  is  usu- 
ally ±ys 2"  per  foot. 

2.  Localized  casting  shrink- 
age deviation  from  the 
shrink  allowance.  This  re- 
sults from  a minor  error  in  judgment  by  the  pattern  maker 
in  estimating  the  actual  shrinkage  resulting  from  the  cast- 
ing shape  and  molding  conditions. 

3.  Warpage  can  be  considered  as  the  result  of  the  restrained 
cooling  of  the  casting.  It  results  from  the  inability  to  pre- 
dict accurately,  in  complex  cases,  which  portion  of  a casting 
will  solidify  and  cool  first. 

These  three  size  factors  are  remediable  by  reworking  the 
pattern,  or  by  modifying  the  molding  practice.  For  quantity  produc- 
tion, this  trial  and  error  approach  is  entirely  practical  and  these 
errors  can  be  eliminated.  However,  the  following  production  variables 
remain  inherent  in  the  casting  process: 

4.  Molding  variables  may  include  pattern  rap,  core  shift,  sand 
pressure,  mold  growth,  and  shake-out  time.  Machine  mold- 
ing minimizes  most  of  these  variables. 

5.  Metal  differences  are  usually  in  shrinkage,  pouring  temper- 
ature, and  rate  of  pouring. 

Naturally,  when  extremely  close  limits  are  required,  there 
has  to  be  a correspondingly  good  surface  finish.  Since  there  is  no 
specification  for  surface  finish,  this  must  be  agreed  on  by  the  designer 
and  foundryman.  Draft  and  gate  projections  also  should  be  consid- 
ered. The  actual  tolerances  that  can  be  supplied  will  vary  in  different 
foundries,  and  according  to  the  class  of  work,  but  the  following  table 
gives  typical  figures. 


Fig.  34.  A Cast  Lap  May  Provide  a 
Satisfactory  Joint  Without  Machin- 
ing. 
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Approx.  Size  of  Sand 
Casting 

Up  to  8 inches 
From  8 to  18  inches 
From  18  to  30  inches 
Above  30  inches 


“As  Cast” 
Tolerance 

±Vie  inch 
±1/8  inch 
±3/te  inch 
±1/4  inch 


Additional  Machining 
Allowance,  Per  Face 

1/8  inch 
Vie  inch 
Vie  inch 
% - inch 


Closer  tolerances  can  be  obtained  with  rigid  molds.  Shell 
molds,  with  the  sand  bonded  by  a phenolic-type  resin,  can  yield  tol- 
erances of  as  low  as  0.005  inch  per  inch.  The  tolerances  on  the  ceramic 
molds  resulting  from  the  lost-wax  or  frozen-mercury  processes  are 
usually  quoted  as  ±0.005  inch  per  inch,  but  are  often  closer  than  this. 
Permanent-mold  casting  will  yield  similar  tolerances  though  on  sim- 
pler shapes. 

It  is  interesting  to  note  that  the  probe-type  of  surface 
roughness  indicator  is  not  applicable  to  cast  iron  surfaces.  For  ex- 
ample, a honed  cylinder  made  from  bar  stock  might  show  about  4 
RMS.  When  made  of  cast  iron  and  given  a comparable  surfacing  treat- 
ment, the  indicator  might  show  several  times  this  value.  Experience 
has  shown  that  these  seemingly  rougher  faces  perform  as  well  or 
better  than  those  made  from  rolled  metals.  The  explanation  seems  to 
be  that  the  metallic  portion  of  the  cast-iron  face  is  just  as  smooth  as 
the  continuous  face  of  rolled  material,  but  that  the  stylus  enters  the 
pockets  left  by  the  exposed  graphite  flakes.  Thus,  the  stylus  tip  has 
a greater  amplitude,  which  the  meter  shows  as  a rougher  face. 


D.  INSPECTION  OF  CASTINGS  . . . After  the  casting  design  has  been 
established  and  the  foundry  techniques  established,  it  is  necessary 
to  insure  that  the  production  castings  are  comparable  to  the  experi- 
mental model.  It  may  be  necessary  to  have  100%  inspection  on  diffi- 
cult castings  or  those  of  critical  importance.  Usually,  however,  an  oc- 
casional check  is  all  that  is  necessary  to  determine  casting  soundness. 

Among  the  destructive  tests  are  fractures  with  a hammer 
blow,  band-saw  cuts  in  the  critical  locations,  and  loading  to  failure. 
The  latter  will  show  metal  strength  as  well  as  casting  soundness. 

Nondestructive  tests  have  come  into  use  because  of  the 
need  for  100%  inspection  and  are  now  widely  used.  X-ray  tubes  are 
used  to  produce  radiation  to  penetrate  castings.  Any  voids  show  as 
dark  areas  on  the  film  behind  the  casting,  because  of  reduced  resist- 
ance to  the  passage  of  the  rays  in  these  areas.  The  use  of  gamma-rays 
from  radioactive  isbtopes,  such  as  Cobalt-60,  is  even  more  flexible 
because  of  the  small  source  of  radiation.  A cast  cylinder  can  be 
checked  by  inserting  the  radiation  source  through  a small  hole  and 


70 


DESIGN  OF  GRAY  IRON  CASTINGS 


wrapping  a sheet-lead-covered  X-ray  film  around  the  outside. 

The  Magnaflux  method  will  show  surface  and  near-the- 
surface  cracks  or  voids  by  the  pattern  of  a powdered  iron  deposit. 
Ultrasonic  flaw  detectors,  though  not  too  effective  for  their  primary 
use  on  cast  iron,  are  used  to  determine  the  modulus  of  elasticity 
accurately.  There  are  a number  of  dye  penetrant  methods  which  serve 
to  make  visible  surface  cracks  which  are  so  small  that  they  might 
otherwise  pass  unnoticed.  In  all  of  these  tests,  considerable  judgment 
is  necessary  to  interpret  the  indications. 

These  newer  test  methods  merely  supplement  the  usual 
methods.  An  experienced  inspector,  working  carefully  in  a well-lit 
area,  can  detect  many  defects.  With  a hammer  blow,  he  can  detect 
bad  cases  of  porosity ; with  gages,  warpage  and  critical  dimensions 
can  be  checked.  Over-  or  underweight  castings  point  to  casting  faults. 
Hardness  readings,  for  a given  material  and  section,  will  relate  to  ten- 
sile strength  at  that  point.  Special  requirements,  such  as  pressure 
tightness  and  electrical  resistivity,  are  also  checked. 

The  ASTM  test  bars  play  an  important  part  in  that  they 
provide  a standardized  production  control  for  the  metal.  Once  the 
casting  techniques  are  established,  it  is  no  longer  so  important  to 
measure  the  actual  properties  in  the  casting  itself,  and  the  separately 
cast  test  bars  are  convenient. 

After  inspection,  care  should  be  taken  to  insure  good  han- 
dling of  the  castings.  Careful  packing,  loading,  shipping,  and  unload- 
ing are  important,  even  with  “rough”  castings. 


Fig.  35.  Diaphragm  for  a Large  Steam  Turbine. 


The  individually  formed  alloy  steel  by  use  of  special  cores.  When  the  iron  is 
blades  are  held  in  precise  alignment  by  cast,  it  anchors  the  ends  of  the  blades 
the  gray  cast  iron  web  and  ring.  The  forming  an  integral  unit, 
blades  are  accurately  located  in  the  mold 
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CHAPTER  FOUR: 

SPECIFYING  AND  PURCHASING 

I.  INTRODUCTION 

In  the  last  decade,  the  metal  castings  industry  has  been 
making  technical  progress  at  an  ever-increasing  rate'11.  As  foundry 
technology  has  increased,  so  has  the  need  for  knowledge  on  the  part 
of  buyers  of  castings. 

Iron  castings  are  being  made  by  a number  of  molding 
methods  and  are  available  in  a wide  range  of  properties.  To  get  the 
best  casting  for  a particular  application  and  at  the  lowest  cost  con- 
sistent with  the  quality  required,  it  is  necessary  to  have  a good  un- 
derstanding of  what  foundries  have  to  offer.  With  this  information, 
it  may  be  possible  to  reduce  manufacturing  costs  by  taking  full  ad- 
vantage of  the  casting  process,  or  by  converting  from  other  fabricat- 
ing methods  to  casting.  In  addition  to  presenting  basic  data  on  the 
standard  specifications,  it  is  the  purpose  of  this  chapter  to  supply 
additional  information  that  will  be  helpful  in  the  specifying  and  pur- 
chasing of  iron  castings.  The  Glossary  of  Terms  in  the  Appendix  may 
also  be  of  value. 

A.  A SERVICE  INDUSTRY  ...  A foundry  is  essentially  a service  organi- 
zation, since  with  few  exceptions  everything  concerning  a casting, 
except  details  in  the  manufacturing  process,  is  established  or  speci- 
fied by  the  purchaser.  Thus,  the  castings  buyer  must  make  a number 
of  decisions  in  addition  to  selecting  a particular  foundry  as  his  cast- 
ings source.  The  type  of  iron  needed  should  be  specified,  the  kind  of 
pattern  equipment  selected,  and  other  matters  such  as  heat  treating 
should  be  considered.  Fortunately,  the  progressive  foundryman  is 
willing  and  capable  to  assist  and  advise  his  customers  in  these  mat- 
ters. If  the  advice  of  the  foundryman  is  sought  when  the  casting  de- 
sign is  still  on  the  drawing  board,  it  is  possible  for  him  to  suggest 
slight  changes  in  the  design  that  can  increase  the  efficiency  of  pro- 
duction or  quality  of  the  product.  The  foundryman  can  also  render  an 
especially  valuable  service  to  his  customer  when  it  is  necessary  to 
order  patterns,  since  the  proper  selection  of  pattern  equipment  in- 
volves consideration  of  the  casting  production  cost  as  influenced  by 
molding  method  and  order  quantity,  as  well  as  the  original  pattern 
cost. 

B.  KINDS  OF  FOUNDRIES  . . . With  the  growth  in  technology  and  com- 
plexity in  the  foundry  industry  there  has  been  a parallel  trend  toward 
specialization  by  foundries  to  obtain  a maximum  of  skill  and  effi- 
ciency. Consequently,  there  are  many  different  kinds  of  foundries  and 
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many  different  ways  in  which  they  may  be  classified.  Probably  the 
most  commonly  used  foundry  classification  is  by  the  type  of  metal 
they  pour  into  castings.  Some  foundries  can  supply  nearly  all  of  the 
various  types  of  cast  irons  which  are  commercially  available  today. 
Most  iron  foundries  produce  castings  in  several  related  types  and  a 
few  specialize  in  only  one  type  of  iron. 

Foundries  may  also  be  classified  by  the  size  of  castings 
which  they  produce,  or  by  their  typical  order  quantity.  The  term 
production  foundry  is  commonly  used  to  designate  facilities  for 
producing  large  numbers  of  identical  castings;  whereas,  the  term 
jobbing  foundry  may  be  used  in  two  ways.  One  is  to  indicate  the  abil- 
ity of  a foundry  to  handle  efficiently  a variety  of  patterns  from  which 
relatively  few  castings  are  made  per  order.  The  second  use  is  in  place 
of  the  more  descriptive  term  commercial  foundry,  an  organization 
that  sells  castings,  as  opposed  to  a captive  foundry  which  produces 
castings  for  the  company’s  product. 

Foundries  are  also  identified  with  particular  industries  or 
by  the  type  of  castings  in  which  they  specialize,  such  as  machine  tool 
or  automotive.  Some  foundries  may  be  identified  by  the  special  process 
which  they  use,  such  as  shell  molding,  permanent  molding,  or  cen- 
trifugal casting.  A few  foundries  are  large,  integrated  organizations, 
with  a number  of  specialized  divisions  and  can  meet  efficiently  almost 
any  casting  requirement. 

C.  CASTING  PROCESSES  ...  A detailed  description  of  foundry  prac- 
tice would  be  too  long  for  inclusion  here.  Although  several  excellent 
books  on  metal  castings  are  available'2-3'4',  a listing  of  the  various  cast- 
ing processes  with  their  characteristics  follows,  since  this  subject  is 
often  discussed  in  purchasing  castings. 

1.  Green  Sand  Castings:  This  is  the  most  widely  used  mold- 
ing method.  It  utilizes  a mold  made  of  compressed  moist  sand.  The 
term  “green”  denotes  the  presence  of  moisture  in  the  molding  sand 
and  that  the  mold  is  not  dried  or  baked.  This  method  is  generally  the 
most  expedient,  but  it  is  generally  not  suitable  for  large  or  very  heavy 
castings. 

2.  Dry  Sand  Casting:  Most  large  and  very  heavy  castings 
are  made  in  dry  sand  molds.  The  mold  surfaces  are  given  a refractory 
coating  and  are  dried  before  the  mold  is  closed  for  pouring.  This 
hardens  the  mold  and  provides  the  necessary  strength  to  resist  large 
amounts  of  metal,  but  increases  the  manufacturing  time. 
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Molds  which  are  hardened  by  the  C02  Process  may  also 
be  considered  in  this  category.  Such  molds  are  not  dried,  but  are  made 
from  an  essentially  moisture  free  sand  mixture,  which  contains  so- 
dium silicate  (water  glass).  The  mold  is  rapidly  hardened  by  the  re- 
action of  carbon  dioxide  gas  with  the  silicate.  The  process  can  also  be 
used  for  making  cores.  It  is  advantageous  in  reducing  manufacturing 
time,  but  is  not  practical  for  some  types  of  work. 

3.  Shell  Mold  Castings:  This  method  is  of  recent  develop- 
ment and  utilizes  the  unique  process  of  making  molds  by  forming 
thin  shells  of  a resin-bonded  sand  over  a hot  pattern.  It  is  suitable 
for  small  and  some  medium-sized  castings.  Shell  molding  provides  im- 
proved accuracy  and  surface  finish.  It  allows  for  greater  detail  and 
less  draft  than  is  normally  satisfactory  in  green  sand  molding.  Metal 
patterns  of  special  construction  are  necessary.  The  process  is  of  par- 
ticular advantage  when  it  provides  savings  in  machining  and  in  finish- 
ing the  casting.  The  shell  process  has  also  been  very  effectively  ap- 
plied in  making  cores  which  may  be  used  with  any  of  the  molding 
methods. 

4.  Core  Mold  Casting:  Castings  of  unusual  complexity 
(such  as  the  thin  and  deep  fins  of  an  air-cooled  engine  cylinder)  may 
be  produced  in  a mold  made  of  the  type  of  sand  commonly  used  for 
cores.  This  sand  has  almost  free-flowing  properties  when  it  is  packed 
around  the  pattern,  and  it  will  fill  crevices  and  reproduce  detail.  After 
baking,  the  mold  becomes  strong  enough  to  resist  the  forces  of  flow- 
ing molten  metal.  Core  sand  molds  may  be  used  when  complexity  re- 
quires more  than  one  parting  line  in  a casting.  Core  sand  sections 
may  be  used  to  form  a complex  external  portion  of  a casting  in  either 
a green  or  dry  sand  mold,  just  as  cores  are  used  to  form  internal 
surfaces. 

5.  Permanent  Mold  Castings:  Iron  castings,  within  limits 
as  to  size,  complexity,  and  properties,  can  be  produced  in  large  num- 
bers from  mechanically  operated  permanent  iron  molds.  This  mech- 
anized, high-production  process  is  mainly  used  for  castings  of  suit- 
able shape,  of  less  than  25  pounds  in  weight,  and  with  3/16"  mini- 
mum wall  thickness.  Coring  is  accomplished  with  conventional  sand 
or  shell  cores. 

6.  Ceramic  Mold  Casting:  Certain  highly  specialized  cast- 
ings requiring  an  unusually  fine  finish,  precise  detail,  and  close  toler- 
ances are  produced  in  molds  made  of  fired  ceramics.  This  is  compar- 
able to  the  plaster-mold  process  which  is  used  for  non-ferrous  alloys. 
Pattern  equipment  is  generally  of  a “core-box"  type,  and  may  be 
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made  of  metal  or  plaster.  In  some  applications,  backdraft  or  under- 
cuts are  allowed  by  making  part  of  the  pattern  of  a flexible  material. 
When  the  mold  can  be  assembled  from  a number  of  pieces,  castings 
of  several  hundred  lbs.  in  weight  and  several  feet  in  a major  dimen- 
sion can  be  made  to  relatively  close  tolerances. 

7.  Expendable  Pattern  Casting:  This  is  a form  of  ceramic 
molding  and  is  more  popularly  known  as  “investment”  or  “lost  wax” 
casting.  A pattern  of  wax,  plastic,  or  frozen  mercury  is  made  for  each 
casting  desired.  After  investing  in  a refractory  mold,  the  pattern  is 
removed  by  melting  or  burning  it  out.  No  consideration  for  draft  or 
a parting  line  is  necessary,  since  the  pattern  may  be  formed  by  as- 
sembling a number  of  parts.  Investment  castings  may  be  produced 
with  excellent  finish,  detail,  and  to  close  tolerances,  but  the  process  is 
generally  limited  to  small  castings. 

8.  Centrifugal  Casting:  Most  molds  are  filled  with  metal 
simply  by  the  force  of  gravity,  but  centrifugal  force  may  be  used  in 
two  ways.  True  centrifugal  casting  is  a means  for  producing  a cavity 
in  the  casting  without  the  use  of  a core.  The  production  of  pipe  by 
this  process  is  well  known,  but  the  method  is  also  used  for  making 
many  other  cylindrical  castings,  from  engine  cylinder  liners  to  large 
process  rolls.  Secondly,  centrifugal  force  may  be  used  as  a means  of 
forcing  metal  into  a mold.  This  is  of  practical  application  in  pouring 
ceramic  molds  of  small  castings  with  fine  detail,  where  the  high  sur- 
face tension  of  the  molten  metal  and  the  low  permeability  of  the 
mold  material  may  not  allow  complete  filling  of  the  mold  by  gravity 
alone. 


II.  PATTERNS 

A.  SELECTION  FACTORS  . . . When  the  design  of  a casting  has  been 
established,  suitable  pattern  equipment  must  be  obtained  to  produce 
the  casting.  Patterns  are  most  often  obtained  from  companies  which 
specialize  in  pattern  making.  Some  foundries  have  complete  pattern 
shops,  but  many  are  only  equipped  for  the  rigging  of  patterns  to  their 
production  equipment  and  for  pattern  maintenance  or  minor  changes. 

A pattern  can  be  made  in  a number  of  ways  and  from  a 
variety  of  materials <5.6).  The  cost  of  the  pattern  equipment  for  a 
casting  can  vary  several  hundred  percent,  depending  upon  the  type 
of  pattern  equipment  that  is  selected,  the  kind  of  material  that  is 
used  in  its  construction,  and  the  quality  of  workmanship,  accuracy, 
and  finish  that  is  desired.  Unfortunately,  the  cost  of  the  pattern  equip- 
ment cannot  be  considered  by  itself,  because  the  type  and  quality  of 
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pattern  also  affects  the  cost  and  quality  of  the  casting.  Obviously,  a 
casting  cannot  be  expected  to  be  more  accurate  than  the  pattern  from 
which  it  is  made. 

Expensive  pattern  equipment  or  elaborate  rigging  is  nor- 
mally not  justified  for  the  production  of  a few  castings,  but  neither 
is  the  lowest  cost  pattern  necessarily  the  most  economical.  It  is  not 
uncommon  for  a better  pattern  to  more  than  pay  for  its  additional 
cost  through  a saving  in  molding  time  or  in  the  machining  of  a more 
accurate  casting. 

Before  the  most  suitable  type  of  pattern  equipment  can 
be  properly  selected,  it  is  necessary  to  establish  a number  of  factors 
concerning  the  casting’s  production.  These  include: 

1.  What  dimensional  tolerances  are  necessary? 

2.  Which  casting  (molding)  process  is  to  be  used? 

3.  How  many  castings  will  probably  be  made  per  order  and 
what  useful  life  is  expected  from  the  pattern? 

4.  What  type  and  size  of  molding  machine  or  flasks  will 
be  used? 

5.  Is  the  design  well  established,  or  subject  to  frequent 
change? 

Selection  of  the  most  appropriate  pattern  equipment  for 
each  casting  requires  the  cooperative  effort  of  both  the  foundryman 
and  his  customer.  To  establish  the  complete  pattern  and  casting  re- 
quirements, many  foundries  use  an  engineering  and  purchasing  re- 
quirements form  similar  to  that  in  Section  Y of  this  chapter. 

B.  TYPES  OF  PATTERNS  . . . The  type  of  casting  process  to  be  used 
may  limit  the  pattern  selection.  Patterns  for  shell  molding  must  be 
of  metal  that  can  be  heated  to  over  450  °F  in  use.  The  pattern  for 
permanent-mold  casting  is  a mold  pattern  rather  than  a casting  pat- 
tern. although  one  can  be  made  from  the  other.  Ceramic  molding  may 
utilize  plastic-lined  boxes,  which  can  be  stripped  from  the  cast  re- 
fractory after  hardening. 

The  widest  variety  of  patterns  can  be  used  in  the  regular 
sand  molding  process.  Many  replacement  castings  have  been  made 
without  a pattern.  A worn  part  can  be  rebuilt  to  pattern  size  with 
wax  or  paper  or  the  pieces  of  a broken  part  can  often  be  simply  placed 
together  and  used  as  a pattern  for  a new  part.  Pine  and  mahogany 
are  most  commonly  used  to  make  working  patterns  as  well  as  the 
master  patterns  from  which  metal  working  patterns  are  made.  How- 
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Fig.  1.  The  Front  and  Back  of  Permanent  Mold  Halves. 

The  water-cooled  molds  are  made  from  iron  and  are  smoked  with  acetylene  before 
iron  is  cast  into  them. 

ever,  the  pattern-making  industry  has  developed  a number  of  new 
materials  as  well  as  new  ways  of  transferring  ideas  from  drawings  to 
physical  shape.  For  example,  gypsum  cements  are  available  which 
expand  just  enough  on  setting  to  automatically  compensate  for  sub- 
sequent cast  metal  shrinkage.  Accurately  cast  and  laminated  plastics 
are  used  to  make  patterns  with  unusual  resistance  to  the  sand  abra- 
sion encountered  in  use(7). 

The  simplest  type  of  pattern  is  the  solid  or  one-piece  pat- 
tern, Figure  2.  It  is  used  for  single  or  small  quantity  casting  require- 
ments : 

1.  When  the  parting  plane*  coincides  with  one  surface  of 
the  casting. 

2.  When  the  parting  plane  is  through  the  casting,  but  ir- 
regular. 

3.  When  the  pattern  would  be  fragile  if  separated  at  the 
parting  line. 

*The  plane  which  divides  the  mold  into  two  parts  so  that  the  pattern  can  be  re- 
moved from  the  mold.  A pattern  must  (with  some  exceptions)  taper  on  all  sides, 
so  as  to  be  larger  at  this  plane.  Thus,  it  can  be  withdrawn  without  breaking  the 
mold.  This  taper  is  called  draft.  (See  Appendix  for  other  definitions.) 
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Fig1.  2.  A Solid  One-Piece 
Pattern  for  a Lever  and 
Its  Follow-Board. 


The  follow  - board 
supports  the  pattern 
and  forms  the  irreg- 
ular parting  plane 
when  the  bottom  half 
of  the  mold  is  made. 
This  avoids  the  ne- 
cessity of  forming 
the  parting  by  hand. 


A follow  board  may  be  used  with  a solid  casting  where  it  would  other- 
wise be  necessary  to  cut  the  parting  plane  in  the  sand  by  hand  (con- 
ditions 2 and  3 above).  With  the  pattern  nested  in  it,  the  follow  board, 
Figure  2,  forms  the  parting  plane  when  the  bottom  half  of  the  mold 
is  rammed. 


A split  pattern,  Figure  3, 
simplifies  the  molding  procedure 
and  eliminates  the  need  for  a spe- 
cial follow  board.  The  two  parts  of 
the  pattern  are  made  to  register 
by  matching  pins  and  bushings.  A 
single-piece  pattern  with  a flat 
parting  on  one  surface  or  a two- 
piece  pattern  that  is  split  on  a flat 
parting  plane  can  be  readily  mount- 
ed on  a plywood  board  or  aluminum 
plate,  to  make  a match  plate.  Fig- 
ure 4.  The  two  halves  of  the  pattern 


Fig.  3.  A Small  Casting  and  a Simple  Two- 
Piece  (Split)  Pattern  to  Produce  It. 

The  core  of  this  and  the  core  box  in  which  to 
make  it  are  shown  in  Fig.  9. 
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are  mounted  on  opposite  sides  of  the  board  in  perfect  registry  and  the 
gating  (patterns  to  form  the  flow  channels  for  the  molten  metal)  can 
also  be  attached  so  as  to  eliminate  cutting  of  the  gates  in  the  mold  by 
hand.  Since  this  equipment  can  be  used  on  a molding  machine,  it 
simplifies  the  molding  operation.  The  flask-pin  guides  and  pneumatic 
vibrator  which  are  attached  to  the  board  will  also  provide  a more  accu- 
rate method  of  removing  the  pattern  from  the  mold  and,  consequently, 
more  consistent  casting  dimensions. 

For  rapid  production,  an  aluminum  match  plate,  Figure  5a, 
can  be  made  to  provide,  in  this  example,  two  castings  per  mold.  A 
multiple  pattern,  cast  plate  can  be  made  from  a single  master  pattern. 
Patterns  which  have  an  irregular  parting  plane  can  be  readily  made 
as  a one-piece  cast  pattern  plate,  Figure  5b. 

If  the  pattern  plate  would  be  too  large  for  convenient  han- 
dling by  a molding  machine  operator,  or  if  the  production  require- 
ments warrant  a multiple-casting  mold  which  would  be  too  large  for 
a single  machine  operation,  the  equipment  can  be  made  as  a cope- 
and-drag  set.  The  cope  part  of  the  pattern  is  mounted  on  one  board 
or  plate  and  the  drag  part  on  another,  Figure  6.  Each  is  used  to  make 
one-half  of  the  mold.  These  cope-and-drag  sets  are  usually  mounted 
on  a pair  of  molding  machines  which  draw  the  patterns  out  of  the 
finished  mold  automatically  and  can  provide  the  maximum  production 
rate.  If  the  two  halves  of  a casting  are  symmetrical,  it  is  possible  to 


Fig.  4.  A Two-Piece  Pattern  with  a Flat  Parting,  Mounted  to  Make  a Match  Plate. 


The  gating  (patterns  to  form  the  flow  channels  for  molten  metal)  has  been  added 
to  simplify  the  molding  operation. 
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Fig.  5a.  An  Aluminum  Match  Plate  for  Two  Identical  Castings  Using  a Common 
Core. 

The  core  box  to  make  the  core  for  this  is  shown  in  Fig.  10. 


use  only  one  plate,  alternately  making  the  bottom  (drag)  and  top 
(cope)  halves  of  the  mold.  The  two  halves  of  some  patterns  can  be 
mounted  side  by  side  on  a single  board.  Both  the  top  and  bottom 
halves  of  the  mold  can  be  made  from  one  board  if  one  half  is  turned 
end  for  end,  before  the  mold  is  closed.  When  a single  board  can  be 
used,  it  reduces  the  pattern  cost,  but  also  cuts  the  maximum  possible 
production  rate  about  in  half. 
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The  economy  of  the  simple,  mounted  pattern  may  be  com- 
bined with  the  efficient  production  of  a cope-and-drag  set  by  the  use 
of  a system  known  as  insert  patterns.  The  large  pattern  boards  that 
are  installed  on  the  molding  machines  are  divided  into  sections.  Sec- 
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Fig'.  7a.  Cope-and-Drag  Production  Molding  Equipment  Set  Up  To  Utilize  Insert 
Pattern  Plates. 

I wo  automatic  molding  machines  set  up  to  do  cope  and  drag  production  with  in- 
sert patterns.  The  patterns  remain  on  the  machines  while  the  molds  are  removed 
with  proper  equipment. 

tional  plates,  carrying  mounted,  short-run  patterns,  can  be  locked  into 
place,  run,  and  then  be  rapidly  changed  when  the  desired  quantity  is 
produced,  Figures  7a,  b and  c. 

The  pattern  for  a casting,  particularly  a large  casting, 
need  not  be  a complete  replica.  The  molds  for  castings,  such  as  bells 
and  pots,  may  be  shaped  by  a template-type  pattern,  called  a “sweep,” 
Figure  8,  which  is  rotated  around  the  axis  of  symmetry  to  shape  the 
mold  surfaces.  The  mold  for  a large  gear  can  be  made  from  a sec- 
tional pattern  which  represents  a fractional  portion  of  the  hub,  spokes, 
rim,  and  teeth.  The  complete  mold  is  assembled  from  the  several, 
successively-made  sections. 

C.  TYPES  OF  CORE  BOXES  . . . Cores  are  used  to  form  the  internal 
shape,  or  a complex  external  portion,  of  a casting.  Sand  cores  are 
usually  made  by  packing  loose  sand  containing  a bonding  agent.  They 
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♦ 

Fig.  7b.  Close  View  of 
the  Cope  Pattern. 

The  four  insert  patterns 
may  be  individually  re- 
moved as  the  required 
number  of  pieces  has 
been  produced.  The  gat- 
ing- system  is  arranged 
so  that  each  casting  re- 
ceives molten  metal  at 
the  proper  rate  from  the 
central  “sprue.” 


4* 

Fig.  7c.  A “Gate”  of  Cast- 
ings from  the  Insert  Pat- 
tern Set. 

The  round,  cylindrical 
shapes  attached  to  each 
casting  are  called  “risers” 
and  provide  additional  mol- 
ten metal  to  the  casting 
while  it  solidifies,  thus  en- 
suring its  soundness. 
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are  then  baked  or  cured  so  that  they 
harden  and  can  be  readily  handled 
and  set  into  the  mold.  The  sand  binder 
is  selected  so  that  after  sufficient  ex- 
posure to  heat  from  the  so- 
lidified metal,  the  sand  bond 
is  weakened  to  allow  easy  re- 
moval of  the  core  sand  from 
the  casting.  A simple  core 
box  to  make  the  core  for  the 
casting  and  pattern  of  Fig- 
ure 3 is  shown  in  Figure  9. 

Since  the  core  is  symmetri- 
cal only  one  box  for  half  of 
the  core  is  necessary.  Identi- 
cal core  halves  can  be  pasted  together  after  baking  to  make  a complete 
core.  This  core  could  be  used  equally  well  with  the  mounted  pattern  of 

Figure  4,  but  the  match  plate  of 
Figure  5a,  with  “two  on,”  has 
utilized  the  efficiency  of  a com- 
bined core;  so  a double  core  box 
would  be  necessary.  Identical 
halves  could  still  be  assembled  to 
make  the  complete  core,  but  if 
a higher  production  rate  and 
greater  efficiency  is  desired,  a 
complete  core  box  and  core  dry- 
ers, Figure  10,  are  preferred. 
The  two-part  metal  core  box 
can  be  used  on  a core-blowing 
machine  to  produce  complete 
cores  rapidly.  For  smaller 
cores  needed  in  large  quan- 
tity, a single  box  can  be  made 
to  produce  several  cores  at  one 
time.  Dryers  are  necessary  to 

Fig.  9.  A Simple  Half-Core  Box  to  Make  the  Two 
Halves  of  the  Assembled  Core. 

This  core  box  is  used  with  the  patterns  in  Fig.  3 and 
Fig.  4. 


Fig.  8.  A “Sweep”  Pattern  As  Used  in  Mold- 
ing a Bell. 
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Fig.  10.  A Complete  Core 
Box  and  One  Dryer  for  a 
Double  Core. 

This  production  equipment 
may  be  used  on  a core- 
blowing machine.  Core  dry- 
ers are  necessary  to  sup- 
port the  completed  core 
during  baking. 


support  the  cores  while  they  are  baked,  when  the  core  does  not  have 
a flat  side  on  which  it  can  be  laid  for  baking,  or  when  the  core  has  an 
overhanging  projection  that  must  be  supported  until  strength  is  de- 
veloped in  baking.  Three  new  methods  of  core-binding  have  been  de- 
veloped which  eliminate  the  need  for  dryers  in  certain  types  of  work. 
The  carbon  dioxide'  process  incorporates  a sodium-silicate  binder  in 
the  sand.  The  sand  is  hardened  right  in  the  core  box  when  permeated 
with  carbon  dioxide  gas.  The  process  does  not  normally  require  special 
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pattern  equipment,  except  for  the  possible  insertion  of  gassing  holes, 
but  its  practical  application  is  limited  to  certain  types  of  cores.  An- 
other new  type  of  core  sand  binder  begins  to  set  shortly  after  it  is 
mixed  with  sand.  If  removal  of  the  core  from  the  core  box  is  delayed, 
the  core  will  have  sufficient  strength  to  be  baked  without  a dryer  or 
other  special  support.  However,  the  delay  may  be  a disadvantage,  par- 
ticularly for  quantity  production.  The  shell  core  process  is  very  similar 
to  shell  molding.  The  core  is  formed  and  cured  in  a hot  core  box  which 
is  heated  to  about  500  °F.  Because  of  the  special  equipment  cost,  use 
of  the  shell  core  process  is  generally  limited  to  large  quantity  pro- 
duction or  where  dimensional  accuracy  and  finish  are  critical.  Cores  for 
standard  sizes  of  round  holes  are  carried  in  stock  by  some  foundries, 
so  that  core  boxes  need  not  be  supplied  for  these  when  only  a few  cores 
are  to  be  used.  Larger  quantities  usually  justify  the  use  of  core  boxes 
for  each  pattern. 

Cores  are  also  made  by  the  use  of  template-type  patterns, 
such  as  a sweep,  which  is  rotated  to  shape  the  sand,  or  a screed  which 
is  drawn  laterally  along  a straight-edge  to  produce  a profiled  length. 


D.  DIMENSIONAL  ALLOWANCES  AND  TOLERANCE  . . . 

1.  Shrinkage  Allowance:  When  iron  solidifies  and  takes 
the  shape  of  the  mold,  the  metal  is  still  at  a temperature  of  about 
2000  °F.  On  cooling  down  to  room  temperature  the  casting  contracts. 
Thus,  to  obtain  a casting  of  the  desired  size,  the  pattern  is  made 
slightly  oversize.  This  addition  to  the  dimensions  is  called  a “shrink- 
age1 allowance.”  To  make  the  shrinkage  allowance  automatically,  the 
patternmaker  may  use  a “shrink-rule”  in  laying  out  the  pattern.  This 
appears  the  same  as  a regular  rule,  but  (for  gray  iron)  is  one-eighth 
inch,  per  foot  longer  than  standard.  Table  I gives  typical  pattern 
shrinkage  allowances,  but  for  close-to-dimension  castings,  these  may 
require  modification,  depending  upon  the  particular  shape  of  casting 
(and  cores)  involved,  since  all  dimensions  do  not  contract  in  the  same 
proportion. 


Master  patterns  from  which  metal  working  patterns  are 
to  be  cast  may  be  made  with  a double  allowance,  one  for  the  pattern 
metal  in  addition  to  the  regular  allowance  for  the  castings. 

There  is  also  another  type  of  shrinkage  which  occurs 
while  the  metal  in  the  mold  is  liquid  and  solidifying.  This  is  called 
solidification  shrinkage,  and  is  provided  for  by  the  “feed  heads,” 
“risers,”  or  “shrink-bobs,”  which  are  attached  to  the  castings  when 
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TABLE  I:  PATTERN  SHRINKAGE  ALLOWANCES  FOR  IRON  CASTINGS  ,2’  "> 


PATTERN 

ALLOWANCES, 

TYPE  OF  IRON 

DIMENSION 

TYPE  OF  CONSTRUCTION 

in.  per  ft. 

Gray  Irons 

Up  to  24  in. 

Open  Construction 

1/8" 

25  to  48  in. 

Open  Construction 

1/10" 

Over  48  in. 

Open  Construction 

1/12" 

Up  to  24  in. 

Cored  Construction 

1/8" 

25  to  36  in. 

Cored  Construction 

1/10" 

Over  36  in. 

Cored  Construction 

1/12" 

Ductile  (Nodular)  Irons 

Pearlitic 

Up  to  24  in. 

1/10  to  1/8" 

Ferritic 

Up  to  12  in. 

-0- 

White  Irons 

5/32" 

High  Alloy  Irons 

1/8  to  5/32"* 

*Depending  upon  type. 

they  are  poured.  This  is  a separate  problem,  and  should  not  be  con- 
fused with  pattern  shrinkage  allowance. 


2.  Draft:  Draft  is  the  taper  on  the  vertical  faces  of  a pat- 
tern which  allows  it  to  be  removed  from  the  mold  without  binding  or 
tearing  the  mold.  The  draft  will  normally  vary  between  one  and  three 
degrees  of  taper.  Small  or  machine  drawn  patterns  require  a mini- 
mum of  draft.  Large  patterns,  inside  pockets  on  patterns,  and  hand 
drawn  patterns  generally  require  a larger  draft.  With  ideal  conditions 
some  patterns  as  deep  as  six  or  more  inches  may  be  drawn  with  al- 
most no  draft.  The  maximum  draft  should  be  provided  where  it  does 
not  interfere  with  the  desired  casting  shape.  Where  draft  is  undesir- 
able, such  as  on  surfaces  where  it  must  be  machined  off,  the  foundry- 
man  should  be  consulted  so  that  draft  allowance  may  be  minimized 
or  possibly,  by  special  techniques,  avoided  entirely. 

3.  Machining  Allowances:  The  additional  stock  that  is 
added  to  the  surface  of  a casting  so  that  it  can  be  finished  to  size  by 
machining  is  called  the  “machine-finish  allowance.”  The  size  of  this 
allowance  will  depend  upon  the  size  and  type  of  casting,  the  type  of 
surface,  how  it  is  to  be  machined,  and  how  accurately  the  casting  can 
be  made.  Large  castings  and  those  made  on  a jobbing  basis  will  gen- 
erally have  larger  machining  allowances  than  smaller  castings  or 
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castings  in  high  production.  When  patterns  are  made  of  a new  design, 
a full  machining  allowance  is  usually  added,  but  after  some  experience 
is  gained  with  the  pattern  the  machining  allowance  may  be  reduced 
to  the  minimum  found  to  be  necessary.  For  good  tool  life,  the  allow- 
ance should  always  be  enough  to  keep  the  tool  well  into  the  metal  on 
the  first  cut.  A grind  finish,  however,  can  be  applied  directly  to  a cast 
surface,  with  just  enough  stock  so  that  the  surface  will  clean  up.  A 
general  guide  to  machining  allowances  is  given  in  Table  II. 


TABLE  II:  GUIDE  TO  PATTERN  MACHINE-FINISH 
ALLOWANCES  IN  INCHES  (2> 


PATTERN  SIZE 

ON  BORES 

OUTSIDE  SURFACES 

Up  to  1 2 in. 

1 3 to  24  in. 

25  to  42  in. 

43  to  60  in. 

61  to  80  in. 

81  to  120  in. 

Over  1 20  in. 

1/8" 

3/16" 

1/4" 

5/16" 

3/8" 

7/16" 

Special  Ir 

3/32" 

1/8" 

3/16" 

1/4" 

5/16" 

3/8" 

strucfions 

4.  Distortion  Allowance:  When  one  part  of  a casting  cools 
more  rapidly  than  another  part,  the  casting  may  become  distorted. 
This  can  often  be  corrected  by  special  foundry  practice  or  by  heat 
treatment,  but  in  some  cases  the  pattern  may  be  intentionally  dis- 
torted or  “faked”  so  that  the  casting  will  be  true.  This  is  referred  to 
as  a “distortion  allowance.” 

5.  Tolerance:  Due  to  the  importance  of  the  individual  de- 
sign and  the  fact  that  many  of  the  foundry  process  details  are  selected 
with  consideration  for  the  characteristics  of  each  pattern,  the  cast- 
ing requirements  such  as  surface  smoothness,  dimensional  tolerances, 
or  machining  allowances  cannot  be  stated  in  a general  specification. 
These  requirements  are  usually  established  on  a most  satisfactory 
basis  by  personal  liaison  with  the  foundry. 

Ordinarily,  the  variation  in  casting  dimensions  can  be  held 
to  within  a half  of  the  patternmakers’  shrinkage  allowance,  which  on 
a simple  12-inch  casting  dimension  would  be  a tolerance  of  plus  or 
minus  1/16”.  Closer  tolerances  than  this  are  often  obtained  on  re- 
petitive production  where  corrective  adjustments  can  be  made.  For 
such  castings  a tolerance  of  ±1/32  inch  in  an  8 to  12  inch  dimension 
may  be  considered  normal.  With  some  of  the  new  molding  processes 
tolerances  as  close  as  .003  to  .005  inches  have  been  maintained,  but  to 
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speak  of  a tolerance  of  three-thousandths  of  an  inch  per  inch  is  not 
correct,  because  tolerances  do  not  vary  proportionally  with  the  cast- 
ing dimension. 

Dimensions  within  one  half  of  the  mold  are  generally  more 
accurate  than  those  across  the  parting  plane  or  related  to  a cored 
surface.  Dimensional  tolerances  are  directly  affected  by  the  type  of 
pattern  equipment  that  is  used ; particularly  when  machine  molding 
or  core-making  methods  are  employed.  Metal  patterns  and  core-boxes 
that  are  machined  to  size  will  often  provide  closer  tolerances  than 
will  cast-to-size  metal  patterns  or  wooden  patterns. 


III.  METAL  SPECIFICATIONS 

A.  THE  KINDS  OF  "CAST  IRON"  ...  The  term  “cast  iron”  is  generic, 
and  applies  to  the  entire  field  of  ferrous  base  alloys  containing  over 
2%  carbon  content.  Use  of  the  term  “cast  iron”  in  commerce  is  dis- 
couraged, because  it  lacks  specific  meaning,  and  literally  includes  gray 
irons,  ductile  (nodular)  irons,  white  irons,  high  alloy  irons,  and  mal- 
leable irons.  All  of  these,  except  the  last,  are  primarily  produced  by 
the  gray  iron  foundry  industry  because  of  the  similarity  in  their  cast- 
ing techniques  and  required  equipment,  but  their  properties  are  quite 
different. 


1.  Gray  iron  is  itself  a family  of  casting  alloys,  and  is  the 
most  popular,  with  an  annual  production  several  times  the  total  for 
all  other  cast  metals.  The  name  was  derived  from  the  characteristic 
giay  color  of  the  metal  which  is  due  to  the  contained  flakes  of  graphite. 
This  graphite  also  provides  some  of  the  metal’s  other  characteristic 
propei ties,  such  as  excellent  machinability,  good  wear  resistance,  and 
high  vibration  absorption.  Gray  iron  is  particularly  valued  for  its 
ability  to  be  cast  into  complex  shapes  at  relatively  low  cost. 

The  various  types  of  gray  iron  are  most  commonly  desig- 
nated by  a class  number  which  indicates  their  minimum  tensile 
strength  in  1000’s  of  pounds  per  square  inch.  (i.e.  Class  30  has  a 
30,000  psi  minimum  tensile  strength.)  Chemical  analysis  alone  is  not 
satisfactory  to  designate  an  iron  with  a particular  set  of  mechanical 
properties,  because  a wide  range  in  properties  can  be  obtained  with  a 
given  analysis.  However,  some  limitations  in  chemical  analysis  may 
be  required  when  - use  of  the  casting  will  involve  heat,  corrosion  or 
physical  properties,  such  as  electrical  resistance.  Although  tensile 
strength  is  seldom  a sole  requirement,  most  mechanical  properties 
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can  be  related  to  the  tensile  strength  class  designation.  There  are, 
however,  some  casting  property  requirements  which  are  not  covered 
by  standard  specifications.  These  and  other  requirements  may  be  aptly 
conveyed  to  the  foundry  by  use  of  an  engineering  and  purchasing 
requirements  form  similar  to  that  given  in  Section  V.  While  rather 
complete  data  are  given  in  Chapter  Five  on  properties,  the  general 
directions  of  increase  in  several  properties  with  class  are  indicated  in 
Table  III.  It  is  evident  that  the  engineering  properties  do  not  all  in- 
crease with  the  class  number.  Some  decrease.  Because  of  the  close 
relation  between  class  number  and  tensile  strength,  this  property  is 
sometimes  over-emphasized.  The  class  selection  should  be  made  to 
obtain  the  best  combination  of  properties  desired  for  each  application. 
The  many  specifications  for  gray  iron  are  listed  in  the  subsequent 
“Summary  of  Specifications.” 


TABLE  III:  GENERAL  DIRECTION  OF  INCREASE  IN  THE  VARIOUS  PROPERTIES 
OF  GRAY  IRON  WITH  CLASS 


CLASS 


20  30  40  50  60 

ALL  STRENGTHS » 

« MACHINABILITY 

BETTER  MACHINED  FINISH » 

<  HEAT  SHOCK  RESISTANCE 

ELEVATED  TEMPERATURE  STRENGTH — » 

* DAMPING  CAPACITY 

MODULUS  OF  ELASTICITY > 

<  PRODUCIBILITY 

WEAR  RESISTANCE * 

<  THINNER  SECTIONS  POSSIBLE 


2.  Ductile  (Nodular)  iron  is  an  entirely  new  type  of  cast 
iron,  the  product  of  modern  metallurgical  research.  A slight  but  very 
critical  modification  in  the  analysis  of  the  molten  iron  causes  the 
graphite  to  form  into  spheres,  rather  than  in  individual  flakes  as  is 
characteristic  of  the  traditional  gray  iron.  This  provides  the  metal 
with  considerable  ductility  and  impact  resistance,  a high  yield 
strength,  and  a high  modulus  of  elasticity,  while  retaining  the  many 
advantages  of  a high-carbon  content  casting  alloy.  Although  it  has 
unusual  mechanical  properties,  ductile  iron  is  very  similar  to  regular 
gray  iron  in  many  ways.  It  has  a similar  basic  chemical  analysis.  It 
is  made  from  the  same  raw  materials,  and  also  is  usually  melted  in 
the  cupola  furnace.  As  liquid  iron,  it  has  the  high  fluidity  and  other 
desirable  casting  properties  of  regular  gray  iron.  The  same  molding 
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sands  and  production  equipment  can  be  used  for  either  gray  or  ductile 
iron,  but  the  differences  in  production  requirements  between  regular 
gray  irons  and  ductile  iron  are  very  important.  Impurities  are  very 
critical  in  ductile  iron,  so  that  the  raw  material  selection  and  melting 
piactice  must  be  very  carefully  controlled.  The  molten  iron  must  be 
treated  with  an  alloy  (generally  containing  magnesium  and  cerium) 
that  is  highly  reactive  at  high  temperatures  and  the  amount  of  alloy 
that  is  retained  in  the  iron  must  be  controlled  to  hundredths  of  a 
percent.  Since  ductile  (nodular)  iron  has  a greater  density  than  regu- 
lar gray  iron,  there  is  a larger  shrinkage  during  solidification.  This 
requires  that  the  molds  be  provided  with  additional  metal  in  the  form 
of  risers  (feed  heads) . There  are,  however,  some  founding  advantages 
for  ductile  iron.  It  does  not  require  quite  as  high  a pouring  tempera- 
ture, nor  is  the  carbon  content  of  the  iron  as  critical  as  it  is  with  the 
higher  strength  gray  irons. 

The  development  of  ductile  (nodular)  iron  has  provided 
a tremendously  increased  range  of  properties  that  are  available  in 
castings.  The  various  types  of  ductile  irons  are  usually  identified  by 
a three-number  designation,  such  as  60-40-15.  The  first  number  indi- 
cates the  minimum  tensile  strength  in  1000’s  psi;  the  second  is  simi- 
larly for  yield  strength ; and  the  third  number  indicates  the  minimum 
percent  elongation  obtained  in  a 2"  gage-length  tensile  test  piece. 

Ductile  (nodular)  irons  other  than  the  high  alloy  types 
may  be  considered  in  three  general  classes : 

1.  The  ferritic  types  have  a microstructure  consist- 
ing of  essentially  all  ferrite  around  the  graphite  spheres. 
These  possess  high  ductility,  excellent  machinability  and 
a moderate  yield  strength. 

2.  The  pearlitic  types,  with  a matrix  microstructure 
primarily  of  this  constituent,  have  good  yield  strength  and 
machinability,  but  moderate  ductility.  They  provide  excel- 
lent response  to  flame  or  induction  hardening. 

3.  The  third  class  which  are  heat  treated  (normal- 
ized, or  quenched  and  tempered)  have  exceptionally  high 
tensile  and  yield  strength,  while  retaining  ductility. 

A resume  of  ductile  (nodular)  iron  types  is  listed  in  the 
Summary  of  Specifications.  Extensive  data  on  properties  of  the  vari- 
ous types  are  given  in  the  second  section  of  Chapter  Five. 
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3.  White  irons  are  those  in  the  family  of  cast  irons  which 
do  not  contain  any  carbon  as  graphite.  The  contained  carbon  is  all 
chemically  combined  with  iron  as  iron-carbides  (cementite).  This 
makes  the  iron  very  hard  and  normally  unmachinable,  but  excellent 
for  certain  wear-resistant  applications.  Chilled  iron  castings  are  those 
which  contain  white  iron  at  critical  locations,  the  balance  of  the  cast- 
ing being  gray  iron.  White  and  chilled  iron  castings  are  produced  for 
specific  applications,  and  are  not  covered  by  standard  specifications. 
More  complete  data  on  their  properties  and  uses  are  contained  in 
Part  III  of  Chapter  Five. 

4.  High  alloy  irons  contain  sufficient  alloy  content  (usu- 
ally in  excess  of  3%)  so  that  their  properties  are  not  characteristic 
of  the  regular  irons.  Several  of  the  high  alloy  irons  are  white  (con- 
taining no  carbon  as  graphite),  but  those  containing  graphite  may 
be  made  in  either  the  flake  or  spheroidal  type.  The  various  high  alloy 
irons  are  generally  utilized  for  specific  properties  in  which  they  are 
outstanding,  such  as  corrosion  resistance,  superior  wear  resistance, 
or  heat  resistance.  Others  are  non-magnetic  or  have  a very  low  co- 
efficient of  expansion.  Although  four  standard  specifications  for  high 
alloy  irons  are  listed  in  the  Summary  of  Specifications,  these  types  of 
iron  are  more  commonly  purchased  on  the  basis  of  trade  name  or 
chemical  analysis.  More  complete  information  is  presented  in  the 
“White  and  High  Alloy  Irons”  part  of  Chapter  Five. 

B.  STANDARD  SPECIFICATIONS  . . . Standard  Specifications  for  gray 
and  ductile  (nodular)  irons  have  been  established  by  a number  of 
technical  societies,  associations  and  government  agencies.  The  prin- 
cipal specifying  bodies  in  the  U.  S.  and  Canada  are  listed  in  Table  IV, 
with  their  identifying  letters  used  with  specification  numbers  and  the 
address  where  complete  copies  of  their  specifications  can  be  obtained. 

The  more  commonly  used  specifications  for  gray  and  duc- 
tile (nodular)  iron  are  listed  in  the  “Summary  of  Specifications”  pre- 
sented on  the  following  pages.  This  also  includes  the  specifications  for 
gray  iron  pressure  pipe,  soil  pipe,  drainage  and  culvert  pipe,  as  well  as 
fittings,  valves  and  flanges. 

Recommended  methods  of  testing  and  the  less  frequently 
used  standards  are  listed  in  the  Table  V following  the  summary. 

Specific  metallurgical  requirements  or  data  not  covered  by 
standard  data  may  be  readily  transmitted  to  the  foundry  by  use  of 
an  engineering  and  purchasing  requirements  form  similar  to  that 
given  in  Section  V of  this  chapter. 
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(Copies  of  this  summary  as  a handy  11"  x 17"  card  may  be  obtained  from  castings  suppliers) 
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DUCTILE  (Nodular)  IRON  SPECIFICATIONS 


Typical  Applications 

Heavy  duty  machinery,  gears,  dies,  rolls 

for  wear  and  strength. 

Pressure  castings,  valve  and  pump  bodies, 

compressor  heads,  shock  resisting  parts. 

Valves  and  fittings  for  steam  and  chemical 

plant  equipment.  Steam  dryers,  etc. 
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(Copies  of  this  summary  as  a handy  11"  x 17"  card  may  be  obtained  from  castings  suppliers) 
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TABLE  IV:  THE  PRINCIPAL  SPECIFYING  BODIES 


(Boldface  denotes  symbol) 


A.  A.S.H.O. 

American  Association  of  State  Highway  Officials 
917  National  Press  Bldg. 

Washington  4,  D.  C. 

A.S.A. 

American  Standards  Association,  Inc. 

70  East  Forty-Fifth  St. 

New  York  17,  N.  Y. 

A.S.M.E. 

American  Society  of  Mechanical  Engineers 
29  West  39th  St. 

New  York  18,  N.  Y. 

A.S.T.M. 

American  Society  for  Testing  Materials 
1916  Race  St. 

Philadelphia  3,  Pennsylvania 

A.W.W.A. 

American  Water  Works  Association,  Inc. 

521  Fifth  Ave. 

New  York  17,  N.  Y. 


C.S.A. 

Canadian  Standards  Association 
National  Research  Bldg. 

Ottawa,  Ontario 
Canada 

Federal 

General  Services  Administration 
575  U.  S.  Court  House 
Chicago,  Illinois 
(Also  eleven  regional  offices) 

S.A.E. 

Society  of  Automotive  Engineers,  Inc. 

29  West  39th  St. 

New  York  18,  N.  Y. 

U.S.  Military  • U.S.  Navy 

Bureau  of  Supplies  and  Accounts 
Navy  Department 
Washington  25,  D.  C. 

(Or  nearest  Base  or  Military  Installation  for 
procurement  of  copies  of  specifications) 


TABLE  V:  METHODS  OF  TESTING,  RECOMMENDED  PRACTICES,  DEFINITIONS,  AND 
SPECIFICATIONS  NOT  LISTED  IN  SUMMARY 


A.S.T.M. 

A 43-55T 

A.S.T.M. 

A 153-53 

A.S.T.M. 

A 196-47 

A.S.T.M. 

A 247-47 

A.S.T.M. 

A 256-46 

A.S.T.M. 

A 260-47 

A.S.T.M. 

A 327-54 

A.S.T.M. 

A 360-55T 

A.S.T.M. 

A 367-55T 

A.S.T.M. 

E 6-54T 

A.S.T.M. 

E 8-54T 

A.S.T.M. 

E 10-54T 

A.S.T.M. 

E 30-52 

A.S.T.M. 

E 44-50T 

A.S.T.M. 

E 59-45 

A.S.T.M. 

E 94-52T 

A.S.T.M. 

E 109-55T 

Federal 

Q QM-151 

S.A.E. 

A.M.S.t  5315 

S.A.E. 

A.M.S.t  5316 

S.A.E. 

A.M.S.t  5392D 

S.A.E. 

A.M.S.t  5393 

S.A.E. 

A.M.S.t  5394 

U.S.  Navy 

46-l-5c 

U.S.  Navy 

46-1 -6c 

Specification  for  foundry  pig  iron 
Zinc  coating  (Hot  Dip)  on  iron  and  steel  hardware 
Definition  of  terms  relating  to  cast  iron 

Recommended  practice  for  evaluating  the  microstructure  of 
graphite  in  gray  iron 

Method  of  compression  testing  of  cast  iron 
Recommended  practice  for  torsion  tests  of  cast  iron 
Methods  of  impact  testing  of  cast  iron 
Methods  of  testing  chilled  and  white  iron  castings 
Methods  of  chill  testing  of  cast  iron 

Definition  of  terms  relating  to  methods  of  mechanical  testing 
Methods  of  tension  testing 
Method  of  test  for  Brinell  hardness 
Methods  of  chemical  analysis 
Definition  of  terms  relating  to  heat  treatment 
Methods  of  sampling  for  chemical  analysis 
Recommended  practice  for  radiographic  testing 
Method  for  dry  powder  magnetic  particle  inspection 
General  specification  for  the  inspection  of  metals 
Ductile  iron  castings,  60-45-15  chemical  analysis  range  speci- 

Ductile  iron  castings,  80-60-03  chemical  analysis  range  speci- 
fied 

Alloy  iron  castings,  15%  Ni,  6.5%  Cu,  2%  Cr  type 
Alloy  iron  castings,  20%  Ni,  2%  Cr  type 
Ductile  alloy  iron  castings,  20%  Ni,  2%  Cr  type 
High-test  gray  iron  castings 
Gray  iron  castings 
t Aeronautical  Material  Specifications 


IV.  COST  FACTORS  TO  BE  CONSIDERED  IN 
PURCHASING  IRON  CASTINGS 

A.  INTRODUCTION  . . . The  efficient  purchasing  of  iron  castings  re- 
quires the  utilization  of  a considerable  amount  of  specialized  informa- 
tion. The  modern  purchasing  agent  nuist  evaluate  a number  of  factors 
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TABLE  VI:  SURVEY  OF  PURCHASING  AGENTS 


First  Place 

Votes 

Weighted 

Votes* 

Quality 

66% 

41% 

Price 

18% 

27% 

Delivery 

15% 

24% 

Service 

1% 

8% 

♦Giving  first  place  a weight  of  3,  second  place  2,  third  place  1. 

which  directly  influence  the  total  cost  of  a cast  component  part.  These 
many  factors  may  be  grouped  under  the  general  headings:  quality 
price,  delivery,  and  service.  The  relative  order  of  importance  for  these 
was  determined  for  iron  castings  in  a national  survey  of  purchasing 
agents,  Table  VI(8>.  However,  each  purchasing  agent  must  establish 
his  own  weighting  for  these  factors,  based  on  the  particular  circum- 
stances with  which  he  is  confronted.  Since  a universal  formula  cannot 
be  set  forth,  it  is  the  purpose  of  the  following  paragraphs  to  assist  the 
purchasing  agent  and  present  some  of  the  important  criteria  that 
should  be  considered. 

The  numerous  factors  which  directly  influence  the  total 
cost  of  a finished  casting  are  considered  under  two  headings,  “Factors 
Affecting  the  Direct  Cost  of  a Casting,”  and  “Additional  Factors  in  the 
Total  Cost  of  a Finished  Casting.” 

B.  FACTORS  AFFECTING  THE  DIRECT  COST  OF  A CASTING  . . . 

1.  The  Casting  Design:  The  size,  weight,  and  complexity 
of  a casting  are  generally  the  most  important  factors  in  determining 
its  cost.  The  cost  of  the  metal  that  goes  into  a casting  is,  obviously, 
directly  influenced  by  its  weight,  but  the  overall  casting  size  is  also 
important  because  several  tons  of  sand  and  other  materials  must  be 
prepared  and  handled  for  each  ton  of  castings  produced.  The  amount  of 
these  materials,  other  than  molten  metal,  is  more  influenced  by  cast- 
ing size  than  weight.  Casting  production  facilities  are  more  often 
limited  by  casting  size  than  by  weight,  and  the  cost  of  production  facil- 
ities increases  rapidly  with  maximum  casting  size. 

Cored  castings  require  core-making  time,  core  material,  and 
transportation  of  the  core  to  the  mold,  as  well  as  additional  molder’s 
time  to  place  the  core  in  the  mold.  A more  complex  casting  may  require 
a more  highly  skilled  workman,  as  well  as  more  of  his  time,  but  com- 
plex castings  are  not  necessarily  more  expensive,  for  some  types  of 
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complexity  do  not  increase  the  production  cost,  although  pattern  costs 
may  be  higher.  The  foundryman  should  be  consulted  before  the  pat- 
terns are  made,  as  he  can  often  suggest  minor  design  changes  that  will 
simplify  the  molding  operations  to  reduce  the  casting  cost. 

2.  The  Type  of  Molding  Method:  The  kind  of  molds  that  are 
used  has  a direct  bearing  on  the  casting  cost,  but  the  selection  of  a 
molding  method  usually  depends  primarily  upon  technical  and  quantity 
requirements.  Excluding  these  and  preparation  cost,  the  green  sand 
and  permanent  mold  methods  are  the  least  expensive.  Quantity  require- 
ments are,  however,  vital  in  any  comparison  because  this  becomes  the 
denominator  for  pattern  and  preparation  cost.  Dry  sand  molding  is 
necessary  for  large  work.  For  medium  size  castings,  dry  sand  molds 
provide  a better  finish,  and  more  dependability  than  do  green  sand 
molds,  but  a longer  production  time  (and  cost)  is  required  due  to  the 
drying  operation.  Loam  or  sweep  molding  for  large  castings  uses  a 
minimum  of  pattern  equipment,  but  requires  a larger  amount  of  skilled 
molders’  time.  Shell  molded  castings  usually  cost  more  than  green  sand 
castings,  but  improved  accuracy  and  finish  may  justify  this  difference. 
The  use  of  automatic  shell  mold  machines  reduces  the  production  cost, 
but  the  high  pattern  and  equipment  costs  generally  limit  this  method 
to  quantity  production.  The  ceramic  mold  and  expendable  pattern  (lost 
wax)  casting  processes  produce  precision  castings,  but  both  the  pat- 
tern equipment  cost  and  the  casting  production  cost  are  high.  How- 
ever, this  is  usually  fully  justified  where  difficult  or  extensive  machin- 
ing is  eliminated. 

•h  Type  of  Pattern  Equipment:  Some  of  the  varieties  of 
patterns  were  illustrated  in  the  preceding  section  on  “Pattern  Equip- 
ment.” The  important  question  in  considering  pattern  ccst  is  “Over 
how  many  castings  can  the  pattern  cost  be  spread?”  This  becomes  a 
difficult  question  with  development  work  where  the  possibilities  for 
future  production  are  uncertain.  Under  this  condition,  past  experience 
indicates  that  it  is  usually  best  to  plan  pattern  equipment  for  only 
immediate  requirements.  Although  short-time  pattern  use,  and  early 
replacement  with  a better  pattern  seems  wasteful,  this  is  usually  ad- 
visable, since  it  provides  an  opportunity  for  modifying  or  improving 
the  original  design  <°h  When  the  replacement  pattern  can  be  cast,  the 
original  pattern  may  often  be  made  or  modified  so  that  it  will  also  serve 
as  the  “master”  pattern  for  casting  the  production  pattern.  It  is  im- 
portant that  patterns,  particularly  inexpensive  ones,  not  be  employed 
beyond  their  useful  life.  When  they  are,  casting  quality  usually  suffers. 

It  is  important  that  the  type  of  pattern  to  be  used  is  suit- 
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able  for  the  particular  foundry  in  which  the  castings  are  to  be  made. 
When  new  patterns  are  to  be  obtained  for  production  quantities,  it  is 
often  desirable  to  have  quotations  based  on  more  than  one  type  of 
pattern  so  as  to  determine  which  type  of  pattern  provides  the  lowest 
total  casting  cost.  Where  pattern  equipment  is  already  available  and 
conditions  have  changed  it  may  be  possible  to  modify  the  patterns  to 
reduce  the  casting  cost  or  improve  quality.  Patterns  should  be  kept 
in  good  repair,  because  off-dimension  or  irregular  castings  increase 
the  machining  and  finishing  costs  and  may  impair  appearance  or  re- 
duce the  quality  of  the  finished  product. 

4.  Type  of  Metal  Specified : The  type  or  class  of  iron  that  is 
specified  for  a casting  influences  its  cost  in  several  ways.  Differences 
in  the  cost  of  melting  stock  can  be  considerable.  The  high  strength 
gray  irons  generally  are  melted  from  a metal  mixture  containing  a 
high  percentage  of  the  most  expensive  types  of  scrap  such  as  rail 
steel  or  forging  butts.  Ductile  (nodular)  iron  is  very  sensitive  to  the 
presence  of  certain  tramp  (subversive)  elements  that  commonly  occur 
in  miscellaneous  scrap.  For  this  reason,  only  known  and  separated 
types  of  scrap  can  be  used  along  with  a special,  premium  grade  of  pig 
iron.  The  higher  strength  irons,  being  more  dense,  require  large  risers 
to  provide  sound,  true-to-pattern  castings.  This  means  that  the  yield 
of  castings  per  100  pounds  of  molten  metal  is  lower  for  the  higher 
strength  irons  (although  not  as  low  as  that  of  other  cast  metals).  The 
higher  strength  irons  also  require  closer  metallurgical  control  which 
means  increased  supervision,  a larger  number  of  chemical  analyses, 
and  additional  property  tests.  This  is  also  true  of  alloy  requirements 
and  is  why  they  increase  the  cost  of  a casting  more  than  simply  the 
value  of  the  contained  elements. 

These  factors  should  not  discourage  the  specification  of 
the  higher  strength  or  alloy  irons  where  their  use  is  beneficial  or 
where  they  can  replace  other,  more  expensive  materials.  Increased 
property  requirements  may  provide  the  means  of  increasing  the 
capacity  or  efficiency  of  a product  without  important  design  or  pat- 
tern changes.  A higher  strength  iron  may  make  a lighter  casting 
equally  strong  and  available  at  a cost  comparable  to  a lower  strength 
iron  while  providing  economy  in  handling  and  shipment  of  the  casting 
as  well  as  the  final  product. 

The  use  of  alloy  irons  may  increase  the  life  of  a casting  in 
wear  or  corrosion ' service  more  than  enough  to  offset  the  increased 
casting  cost  with  the  savings  from  installation  cost  as  a bonus.  It  is 
important,  however,  that  the  service  requirements  are  properly  cov- 
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ered  by  specifications.  Increased  strength  does  not  necessarily  provide 
better  wear  resistance,  nor  does  the  presence  of  alloying  elements  nec- 
essarily assure  a better  casting  or  increased  resistance  to  impact.  In 
some  instances  the  higher  strength  irons  may  be  less  desirable  than  a 
lower  strength  (for  example,  where  vibration  damping  is  important). 

5.  Quality  Level:  The  term  “quality”  is  used  here  to  denote 
how  well  a casting  meets  the  requirements  of  the  purchaser  and  how 
consistently  they  are  met  by  castings  in  quantity.  Consistent  quality 
from  order  to  order  and  from  the  first  casting  to  the  last  casting  in  an 
order  is  of  primary  importance  and  should  be  foremost  in  the  identi- 
fication of  a dependable  castings  supplier.  (“High  quality”  is  some- 
times improperly  used  to  connote  superiority  in  a particular  property, 
such  as  high  tensile  strength  or  excellent  surface  finish,  but  it  should 
be  kept  in  mind  that  unnecessary  attributes  which  increase  the  cost 
of  a casting  are  negative  to  quality.) 

The  main  items  of  quality  in  a casting  are  the  properties 
of  the  metal,  the  accuracy  of  dimensions,  and  the  smoothness  of 
finish.  Close  requirements  in  any  of  these  may  increase  the  direct  cost 
of  a casting  because: 

a.  A simplified  production  method  that  may  be  available, 
but  which  might  compromise  the  specified  item  of  qual- 
ity could  not  be  used. 

b.  More  highly  skilled  workmen  and/or  more  production 
time  may  be  necessary. 

c.  More  expensive  materials  and/or  equipment  may  have 
to  be  used. 

d.  Additional  inspection  may  be  necessary. 

e.  A higher  percentage  of  rejects  may  result. 

However,  necessary  quality  requirements  should  not  be  compromised. 
Decreased  cost  is  not  a valid  reason  for  purchasing  castings  that  are 
below  the  required  standard.  The  savings  are  more  than  likely  to  be 
offset  by  an  increased  cost  in  finishing  or  using  such  castings.  It  is 
unfortunate  that  this  latter  cost  is  not  always  evident.  Although 
quality  requirements  can  be  designated  by  specifications  or  sample 
castings,  this  is  often  difficult  to  do,  and  casting  quality  is  more  gen- 
erally thought  of  in  terms  of  the  established  reputation  of  the  foundry. 

6.  Additional  Operations:  Often  the  foundry  can  perform 
additional  operations  which  may  increase  the  direct  cost  of  the  cast- 
ing, but  will  reduce  the  total  cost  of  the  finished  product.  Heat  treat- 
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ing  and  painting  are  typical  of  the  additional  operations  that  may  be 
efficiently  performed  by  the  foundry.  For  quantity  production  the 
castings  may  be  “justified”  or  “targeted”  in  a gaging  fixture  so  that 
they  contain  accurate  locating  points  for  the  machining  operations. 
This  assures  that  the  correct  amount  of  stock  will  be  removed  in 
machining  each  surface. 

7.  Additional  Services:  Close  cooperation  between  the 
foundryman  and  his  customer  is  typical,  but  for  some  castings,  more 
than  the  usual  amount  of  service  or  technical  assistance  may  be 
required  from  the  foundry.  This  commonly  occurs  in  the  development 
of  new  products.  Assistance  with  casting  design,  information  on  prop- 
erties and  metallurgy,  trouble  shooting,  pattern  help,  or  experimental 
castings  may  be  provided  by  the  foundry.  These  services  may  be  billed 
for  at  cost  or  included  in  the  regular  price  of  the  castings,  but  in 
either  case,  quotations  from  a foundry  that  stands  ready  to  provide 
their  customers  with  this  assistance  cannot  be  unequivocally  com- 
pared with  quotations  from  a foundry  that  does  not.  The  latter  type 
of  foundry,  however,  is  not  to  be  discredited  for  it  can  be  a good  and 
economical  source  for  castings  where  special  problems  or  require- 
ments do  not  exist  and  where  the  additional  service  is  not  necessary. 

8.  Purchase  Order  Quantity:  Order  quantity  is  important 
in  the  selection  of  appropriate  pattern  equipment  (see  Section  II) 
but  even  with  a given  pattern,  the  order  quantity  may  have  an  im- 
portant influence  on  casting  cost.  One  of  the  reasons  for  this  is  that 
there  are  a number  of  operations  in  the  foundry  which  must  be  per- 
formed for  each  casting  order  regardless  of  the  quantity  involved. 
Some  of  these  are: 

a.  Obtain  and  record  the  order. 

b.  Schedule  production  and  issue  shop  work  orders. 

c.  Get  pattern  equipment  out  of  storage,  check,  and  trans- 
port to  production  departments. 

d.  Set  up  patterns  for  production  (i.e.  lay  out  or  attach  to 
machines  and  line  up  proper  flasks). 

e.  Shipping  and  billing. 

The  efficiency  of  the  production  operations  are  also  influenced  by 
quantity,  since  the  workmen  have  a “warm-up”  period  with  each  new 
job  in  which  they' become  familiar  with  its  details  and  determine  the 
best  method  of  performing  each  operation.  Most  foundries  have  cost 
systems  which  include  these  order  quantity  factors. 
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When  an  order  is  subject  to  release,  the  total  quantity  is 
of  concern  in  selecting  pattern  equipment,  but  each  release  is  nor- 
mally considered  as  a separate  order  by  the  foundry,  since  each  pro- 
duction order  requires  separate  processing. 

The  purchasing  agent  can  determine  the  most  economical 
lot  size  for  a casting  when  he  knows  what  the  casting  requirement 
will  be  for  some  period  in  advance.  (Due  to  present  billing  practices 
less  than  one  month  s supply  is  seldom  practical.)  The  savings  to  be 
obtained  by  larger  releases  can  be  weighed  against  inventory  cost  (in- 
vestment, space,  and  records).  The  possibility  of  changes  in  product 
demand  and  casting  design  or  prices  may  not  be  equated  directly  in 
numbers,  but  are  incorporated  as  a matter  of  judgment  by  the  ex- 
perienced purchasing  agent. 

“The  Engineering  and  Purchasing  Requirement  Form,” 
outlined  in  the  next  section,  is  a convenient  way  of  providing  informa- 
tion on  desired  properties  and  the  requirements  of  a casting  to 
the  foundry  from  which  may  be  resolved  suggestions  for  further 
economies. 


9.  The  Type  of  Price  Quotation:  At  one  time,  when  metal 
was  very  expensive  in  comparison  to  labor,  castings  were  commonly 
sold  by  the  pound.  This  was  a simple  method,  and  it  was  successful 
because  then  the  weight  of  a casting  was  much  more  important  to  its 
cost  than  was  the  workman’s  time  to  make  it.  This  is  no  longer  true. 
With  the  tremendous  increase  in  the  cost  of  labor  and  equipment  in 
a modern  foundry,  the  value  of  the  metal  in  most  castings  has  become 
secondary.  Accurate  cost  accounting  must  include  the  cost  of  the 
worker’s  time,  the  value  of  materials  used,  and  overhead.  This  system 
pro\ ides  price  quotations  that  are  based  on  the  cost  per  casting  and  a 
ready  reference  for  the  purchaser  to  arrive  at  his  own  unit  cost.  The 
cost  per  piece  can  be  converted  to  cost  per  pound,  but  such  a figure  is 
of  value  only  in  general  comparison;  it  cannot  be  justly  compared  to 
other  castings  which  may  require  more  or  less  man-hours  to  be  pro- 
duced. Some  foundries  still  retain  the  price-per-pound  type  of  quota- 
tion for  specific  types  of  castings. 

Thus,  equivalent  quotations  based  on  price  per  pound  and 
price  per  piece  may  show  variations  when  compared  for  individual 
castings.  This  is  particularly  true  when  the  quotation  is  based  on  an 
estimated  casting  weight.  Variations  of  actual  from  the  estimated 
weight  will  affect  the  cost  more  on  a price-per-pound  basis  than  on  a 
price-per-casting  basis. 
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C.  ADDITIONAL  FACTORS  AFFECTING  THE  TOTAL  COST  OF  A CASTING 

. . . Although  differences  in  the  direct  cost  of  a casting  from  different 
foundries  are  readily  available,  possible  differences  in  the  cost  of 
machining  and  finishing  the  casting  because  of  variations  in  quality, 
delivery,  or  service  often  are  not  or  cannot  be  determined.  This  is 
unfortunate  because  the  total  cost  of  machining  and  finishing  is  com- 
monly much  greater  than  the  original  casting  cost.  The  purchasing 
agent  may  be  informed  about  a casting  of  poor  quality  or  about  late 
delivery,  but  he  may  not  be  given  this  information  in  the  form  of 
actual  dollars  and  cents  additional  manufacturing  cost  so  that  the 
efficiency  of  economical  purchasing  can  be  evaluated  accurately. 

There  are  a number  of  ways  in  which  the  total  cost  of  a 
casting  may  be  influenced  in  addition  to  differences  in  direct  cost. 
These  are  considered  under  three  headings:  quality,  service,  and 
delivery. 

1.  Typical  Sources  of  Additional  Cost  Due  to  Castings  of  Sub- 
standard Quality: 

a.  Additional  machining  time  due  to  metallurgical  or  di- 
mensional inaccuracies. 

b.  Lost  machining  time  due  to  the  rejection  of  a casting 
in  process  because  of  a defect. 

c.  Extra  processing  necessary  because  of  poor  finish  or  a 
non-rejecting  defect. 

d.  Rejection  of  a casting  in  final  inspection  or  service 
testing. 

e.  Additional  processing  set-ups  for  replacement  castings. 

f.  Failure  in  service  because  casting  was  not  made  to 
proper  specification. 

2.  Typical  Sources  of  Additional  Cost  Due  to  Lack  of  Service: 

a.  Misunderstanding  in  order  details. 

b.  The  omission  of  minor  changes  (such  as  in  finish  allow- 
ances) which  would  reduce  machining  or  finishing  costs. 

c.  Non-use  of  foundry  facilities  or  procedures  which  would 
reduce  cost  (i.e.  heat  treatment  to  increase  machin- 
ability) . 

d.  Delayed  or  improper  maintenance  of  pattern  equipment. 

e.  Specification  of  other  than  the  most  suitable  type  of 
iron. 
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3.  Off-Schedule  Delivery  as  a Cause  of  Additional  Cost: 

Regardless  of  the  cause,  the  off-schedule  delivery  of  castings  can  be 
the  source  of  extra  cost.  A larger  than  necessary  castings  inventory 
can  result  from  poorly  scheduled  castings  production  either  because 
of  early  delivery  or  from  schedules  purposely  advanced  to  avoid  pro- 
duction delays.  Delayed  production  or  double  “set-ups”  to  process 
split  lots  can  add  considerably  to  the  cost  of  machining  and  finishing 
of  castings.  Short  runs  with  consequent  extra  deliveries  can  increase 
freight  and  handling  cost. 

D.  CONCLUSION  ...  It  is  evident  from  the  above  that  the  purchase  of 
castings  is  not  generally  a simple  matter  of  transferring  the  pattern 
numbers  and  quantity  desired  from  the  engineering  bill  of  materials 
to  a purchase  order.  The  careful  consideration  of  a number  of  factors 
is  necessary  to  assist  the  purchasing  agent  in  being  sure  that  all  of  the 
pertinent  information  is  supplied  to  the  foundryman,  a check  list  or 
request-for-quotation  form  similar  to  the  one  that  follows  is  used  by 
many  foundries. 

V.  ENGINEERING  AND  PURCHASING 
REQUIREMENTS  FORM 

Forms  similar  to  the  following  are  used  as  a convenient 
way  to  provide  the  foundry  with  complete  information  on  casting  re- 
quirements. This  allows  the  foundry  to  make  an  accurate  casting  price 
quotation,  as  well  as  provide  the  most  suitable  casting  for  the  appli- 
cation. Where  necessary  information  is  not  available,  the  foundry 
must  make  assumptions.  These  may  increase  the  cost  unnecessarily, 
or  result  in  a casting  that  is  less  satisfactory. 

A.  IDENTIFICATION 

Company  . 

Address  . . 

Individual 

Pattern  No 

B.  QUANTITY 

Total  number  required: If  subject  to  release,  number  per 

release 

Estimated  yearly  requirements  of  this  casting pieces. 

Is  this  a Current  Production  Part? 

| | New  Production  Part? 

| | Experimental  Development  Part  for  Test? 


Title  . . 
Part  No. 
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C.  DELIVERY  SCHEDULE 

Initial  Delivery  (date) Number  of  Pieces 

Subsequent  Schedule pieces  per  month. 

Order  to  be  Complete  by  (date)  

Other  Delivery  Comments 

D.  ACCOMPANYING  BLUEPRINT  CHECKLIST 

Check  the  following  items  when  shown  on  the  blueprint. 

Actual  casting  weight  or  Estimated  weight. 

| | Pattern  Number  Q]  Part  No. 

| Locating  and/or  clamping  bosses  for  machining  are  shown. 

| | Finish  stock  requirements  are  given. 

| | Type  of  finishing  operation  to  be  used  is  given. 

| | Location  for  pattern  numbers,  trade  marks,  heat  numbers, 
etc. 

□ Raised  characters  □ Sunken  characters 

□ Changeable  inserted  numbers 

E.  CASTING  SERVICE  DATA 

1.  Part  Name  

2.  Service  Stresses 

psi  maximum  design  load % safety  factor  required 

| | Subject  to  mild  impact.  Q]  Subject  to  heavy  impact. 

| | Subject  to  rapid  cyclic  loading  (endurance). 

| | Subject  to  hydraulic  pressure  or  Q pneumatic  pressure. 

3.  Wear  or  Abrasion 

| | Surface  to  wear  against (name  other  material) 

□ Good  lubrication  Intermittent  lubrication  Q]  None 

| | Abrasive  wear  by (name  material) 

| | Lump  Material  Q Fine  Material. 

4.  Corrosion 

Type  of  material  or  environment at °F. 

| | Strongly  acid  Q Strongly  alkaline  or pH  (give  value) 

| | Exposed  to  air  or  aerated  liquid ; Q Submerged  and  rela- 
lively  air  free. 

| | Product  contamination  is  important ; Q]  Not  important. 


108 


SPECIFYING  AND  PURCHASING 


5.  Elevated  Temperature  Service 

°F  is  maximum  service  temperature  of  casting. 

| | Steady  temperature  during  use. 

[]  Undulating  temperature  °F  to °F 

| | Shock  heating  or  cooling.  Describe  

| Surface  Scaling  is  critical. 

□ Dimensional  stability  is  critical. 

□ Load  carrying  ability  is  critical. 

Comments  

6.  Casting  Will  Be  Finished  By: 

J Machining  where  marked  on  drawing.  □ Painting  only. 

□ Filling,  rubbing  and  painting.  Q Porcelain  enamel. 

□ Plating,  kind 

| | None  □ Other,  (name)  

F.  CASTING  PROPERTIES 

1.  Standard  Specification  No issued  by  

□ Covers  requirements  completely.  No  other  data  is  necessary. 
| | Is  basis  with  additional  requirements  below. 

| | No  standard  specification  applies. 

2.  Strength 

Tensile  strength  of psi  minimum  using 

A.S.T.M.  Test  Bar  Size:  □“A”  □ “B”  □ “C”  □Other 

If  other,  specify 

| | Test  bars  are  required  with  castings. 

Certification  is  required  for : □ Chemical  Analysis ; 

| Mechanical  Properties. 

3.  Hardness 

. . . .BHN  maximum:  • • .BHN  minimum  at  location  “A”)  Marked 
BHN  maximum; . . .BHN  minimum  at  location  “B”j  drawing 
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4.  Machinability 

Excellent  machinability  is  critically  necessary. 

| Machinability  to  be  as  high  as  is  consistent  with  other  prop- 
erty requirements. 

Machinability  is  unimportant. 

5.  Heat  Treatment 

No  heat  treatment  Q]  Heat  treatment  optional. 

Stress  relief  anneal  required  Q Softening  anneal  required. 
Hardening  required  (details  attached  as  to  type,  location,  and 
hardness) . 

To  be  done  by  foundry  Q To  be  done  by  customer. 

| Properties  given  are  before  heat  treatment. 

| | Properties  given  are  after  heat  treatment. 

6.  Casting  Appearance 

| Is  critical  Q Is  important  Q Is  not  important. 

7.  Dimensional  Tolerances 

| | Commercial  tolerances  are  satisfactory. 

| | Close  tolerances  apply  where  marked  on  drawing. 

| | All  dimensions  are  critical,  tolerances  are  marked  on  draw- 
ing. 

Gaging  is  required  as  follows 

| | Gages  or  special  fixtures  are  available  as  follows 


G.  SPECIAL  INSPECTION  METHODS 

1.  To  Be  Performed  By: 
Foundry  Customer 


□ 

□ 

Pressure  test,  State  requirements:  

□ 

n 

X-Ray — Requirements : 

□ 

□ 

Magnaflux — Requirements : 

□ 

□ 

Zyglow— Requirements : 

no 
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2.  Customer’s  Method  of  Incoming  Inspection 

| | Full  inspection,  rejection  of  only  defective. 

Q Statistical  inspection,  rejection  of  lot  on  basis  of  sample. 

Sampling  ratio ; Rejection  No 

Based  on  AQL  (Average  Quality  Level)  of 

H.  SHIPPING 

Usual  Procedure 

| Special  packing  or  crating  is  required  as  follows:  


Type  of  Carrier 

| | Motor  Freight  Q Rail  Q Other 

I.  PATTERN  EQUIPMENT 

New  pattern  equipment  is  to  be  furnished  by  foundry  at  cus- 
tomer’s expense. 

| | Foundry  is  to  specify  equipment  to  be  made  by  customer’s 
pattern  maker. 

| | Pattern  equipment  is  already  available. 

1.  Type  of  Pattern  (Check  all  applicable  factors) 

| | Loose 

| | Solid  Q With  Follow-Board  Q Sweep 

| | Split  Q Can  be  Mounted  Q Skeleton 

| | Gated ; Number  of  castings  on  gate 

| Other  patterns  on  gate,  as  follows : 

| | Match  Plate;  Number  of  castings  on  plate 

| | Other  patterns  on  plate  as  follows : 

Min.  distance:  casting  to  inside  of  flask 

core  print  to  inside  of  flask ". 

| | Cope  and  Drag  Set  Q Single  plate  for  cope  and  drag. 

Number  of  castings  per  mold 

Min.  distance:  casting  to  inside  of  flask 

core  print  to  inside  of  flask 
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2.  Pattern  Material 

Q Soft  wood  Q Hard  wood  Q Wood  with  metal  reinforce- 
ment 

□ Aluminum  □ Plastic  Q Iron  Q White  metal 

□ 

3.  Flask  Size  of  Mounted  or  Plate  Patterns 

"x ",  Height " Depth 

4.  Core  Box  Equipment 

Number  of  complete  cores  per  casting: of  the  same  core, 

or different  cores. 

Number  of  complete  cores  per  box Number  of  core 

boxes 

Boxes  are  made  from : 

| | wood  Q]  aluminum  Q]  plastic  Q 

Equipment  suited  for  blowing  Q]  Yes.  Qj  No. 

Number  of  core  dryers 

Describe  any  core  gages  or  jigs 


J.  SPECIAL  FLASK  EQUIPMENT 

| | None  Q Yes,  will  be  provided;  Number Type 

Size. ..."  x . . . ."  Cope  height.  . . .";  Drag  depth. . . ." 

VI.  TERMS  AND  CONDITIONS  OF  SALE  OF  THE 
GRAY  IRON  FOUNDRY  INDUSTRY 

The  Terms  and  Conditions  of  Sale  of  the  Gray  Iron  indus- 
try represent  fair  and  reasonable  provisions  which  have  clearly  and 
concisely  set  forth  accepted  foundry  practice.  These  Terms  and  Con- 
ditions simply  reflect  the  long-standing  custom  of  the  industry:  their 
language  was  originally  approved  by  the  National  Association  of  Pur- 
chasing Agents  as  of  March  11,  1931.  While  subsequent  amendments 
have  been  made  in  minor  respects  so  as  to  clarify  the  actual  wording, 
no  important  change  of  substance  has  ever  occurred  during  that  quar- 
ter-century of  industry  acceptance.  Nothing  in  the  nature  of  compul- 
sory use  of  such  Terms  and  Conditions  has  at  any  time  been  sug- 
gested by  the  Gray  Iron  Founders’  Society,  yet  universal  recommen- 
dation has  always  been  forthcoming  from  all  sides  as  regards  their 
commercial  merit. 


112 


SPECIFYING  AND  PURCHASING 


GENERAL  CONDITIONS 

All  quotations  are  made  and  all  castings  are  sold  upon  the  follow- 
ing terms  and  conditions: 

1.  Unless  otherwise  agreed,  quotations  must  be  accepted  and  pat- 
terns furnished  the  foundry  within  thirty  (30)  days  from  date  of 
quotation. 

2.  All  castings  are  sold  as  unmachined  castings,  with  heads,  gates, 
fins  and  similar  extraneous  metal  removed,  f.o.b.  cars,  foundry  point. 
Terms — thirty  (30)  days  net,  from  invoice  date,  unless  otherwise 
stated. 

3.  Claims  for  error  in  weight  or  number  must  be  made  within  ten 
(10)  days  after  the  receipt  of  castings. 

4.  Foundry  is  responsible  for  the  replacement  of  castings  rejected 
due  to  foundry  defects  and  such  castings  must  be  reported  and  re- 
turned to  the  foundry  within  ninety  (90)  days  after  their  receipt. 
Foundry  is  not  responsible  for  machine  work,  welding,  labor  charges, 
or  other  losses  or  damages  caused  by  defective  castings  unless  other- 
wise agreed  in  writing. 

5.  Foundry  is  not  responsible  for  loss  of  or  damage  to  patterns  by 
fire  or  other  casualties  beyond  its  control. 

6.  Foundry  shall  not  be  liable  in  damages  for  failure  to  deliver  as  a 
result  of  fires,  strikes,  differences  with  employees,  accidents,  or  other 
causes  beyond  its  control. 

QUOTATIONS 

7.  Blue  prints  submitted  for  estimating  purposes  should  be  marked 
with  rough  casting  weight,  if  known,  or  an  estimated  weight  upon 
which  quotation  will  be  based.  A detailed  description  of  the  pattern 
equipment  should  be  furnished. 

8.  When  quotations  involve  the  making  of  piece  prices,  definite 
weights  shall  be  established  and  agreed  upon,  and  quotations  shall  be 
subject  to  revision  on  any  variation  from  the  established  weights. 

9.  Unless  otherwise  specified  by  the  foundry,  quotations  are  based 
on  castings  with  gates,  fins,  and  other  projections  removed  to  approxi- 
mately the  contour  of  the  pattern. 

ORDERS 

10.  No  order  shall  be  changed  unless  notice  of  revision  is  made  and 
accepted  in  writing  before  work  is  in  process.  If  work  is  in  process, 
customer  is  to  be  charged  for  any  castings  made  as  well  as  cost  of 
cores,  molds,  or  equipment  discarded  because  of  such  changes. 

11.  Cancellations  of  orders  are  to  be  made  only  by  mutual  consent 
of  buyer  and  seller. 

12.  Unless  otherwise  stipulated,  the  customer  shall  accept  an  over- 
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run  of  ten  per  cent  above  quantities  specified  on  order.  However,  the 
foundry  is  to  make  an  effort  at  all  times  to  furnish  as  near  the  exact 
quantity  specified  as  operating  conditions  will  permit. 

13.  If  customer  requires  special  production  service  to  secure  un- 
usual deliveries,  an  extra  charge  shall  be  made. 

PATTERNS  & CORE  BOX  EQUIPMENT 

14.  Customer  must  supply  pattern  and  core  box  equipment  in  con- 
dition to  produce  economically  the  quality  and  quantity  of  castings 
required. 

15.  An  extra  charge  will  be  made  if  patterns  require  stopping  off 
or  if  skeleton  or  sweep  pattern  equipment  is  furnished. 

16.  Foundry  is  not  responsible  for  variations  existing  between  blue- 
prints, and  pattern  and  core  box  equipment  supplied  by  customer.  If 
requested  by  customer,  foundry  will  check  patterns  and  core  box 
equipment  with  blueprints  at  customer’s  expense,  unless  otherwise 
agreed  to  by  the  foundry. 

17.  All  patterns,  core  boxes,  and  loose  pieces  thereof,  should  be 
marked  properly  for  identification. 

18.  Follow  boards,  core  driers,  and  similar  devices  when  required, 
are  to  be  furnished  by  customer. 

19.  Repairs  and  changes  to  patterns  by  customer’s  orders  will  be 
made  at  expense  of  customer. 

20.  All  freight,  drayage,  boxing,  and  crating  charges  on  patterns, 
both  to  and  from  the  foundry,  shall  be  assumed  by  customer. 

21.  Pattern  storage  facilities  are  provided  by  foundry  for  active 
patterns  only.  Patterns  not  in  use  for  a period  of  six  (6)  months  will 
be  returned  to  the  owner  or  will  be  subject  to  storage  charges. 
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CHAPTER  FIVE:  PROPERTIES 


PART  I:  GRAY  IRONS 
PART  II:  DUCTILE  (NODULAR)  IRONS 


PART  III:  WHITE  AND  HIGH  ALLOY  IRONS 


PART  Is  THE  PROPERTIES  OF  GRAY  IRON 


I.  INTRODUCTION 

The  excellent  properties,  castability,  and  economic  advan- 
tages of  gray  iron  have  resulted  in  its  use  for  a wide  range  of  appli- 
cations. Good  strength,  fatigue  resistance,  low  notch  sensitivity,  high 
damping  capacity,  and  good  wear  resistance  of  gray  iron  join  together 
to  produce  an  excellent  engineering  metal.  The  ease  of  casting  intri- 
cate shapes,  facility  of  improving  properties  by  heat  treatment,  ex- 
cellent machinability,  and  relatively  low  cost  provide  the  economic 
advantages  of  utilizing  gray  iron.  The  properties  and  processing  ad- 
vantages of  gray  iron  are  being  steadily  improved  by  closer  technical 
control  and  new  techniques.  Accordingly,  gray  iron  is  employed  by 
industry  in  substantially  greater  tonnages  than  all  the  other  cast 
metals  combined. 

This  section  discusses  the  significant  engineering  proper- 
ties of  the  plain  or  unalloyed  irons  and  the  low  alloy  gray  irons,  gen- 
erally with  less  than  three  percent  total  alloy  content  of  such  elements 
as  chromium,  copper,  molybdenum,  nickel,  and  vanadium.  The  low 
alloy  irons  are  essentially  modifications  of  the  unalloyed  irons,  but 
since  the  properties  of  the  higher  alloy  irons  are  quite  different,  they 
are  discussed  separately  in  Part  III  of  this  chapter. 

II.  TENSILE  STRENGTH 

A.  CLASSES  OF  GRAY  IRONS  . . . The  general  engineering  grades  of 
gray  irons  are  classified  on  the  basis  of  their  tensile  strength.  This 
practice  is  followed  because  tensile  strength  is  a property  that  is  easily 
understood,  and  can  be  related  to  many  of  the  other  mechanical  prop- 
erties. Chemical  analysis  alone  is  not  satisfactory  to  designate  an  iron 
with  a particular  set  of  mechanical  properties  because  a wide  range  in 
properties  can  be  obtained  with  a given  analysis.  The  distribution  of 
the  elements  within  the  iron  (its  microstructure)  is  as  important  as 
the  amounts  present.  The  microstructure  of  an  iron  depends  upon  the 
raw  materials  that  are  used,  melting  and  pouring  practice,  the  cooling 
rate  of  the  casting  (which  is  dependent  upon  its  design) , and  any  heat 
treatment  used,  as  well  as  the  chemical  analysis.  However,  some  limi- 
tations in  chemical  analysis  may  be  required  where  use  of  the  casting 
will  involve  heat  or  corrosion.  For  example,  the  iron  specification  SAE 
114  for  heavy  duty  brake  drums(1>  stipulates  a minimum  total  carbon 
content  as  well  as  strength  and  microstructure  requirements. 

The  basic  classification  of  gray  irons  by  tensile  strength  is 
contained  in  the  specifications  of  many  organizations.  One  of  the  most 
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commonly  used  is  that  of  the  American  Society  for  Testing  Materials, 
Specification  No.  A48-56<2>.  This  specification  has  the  eight  classes 
listed  in  Table  I,  which  designate  irons  of  20,000  psi  to  60,000  psi  mini- 
mum tensile  strength.  (For  higher  strengths  see  “Part  2:  The  Prop- 
erties of  Ductile  Iron.”)  The  strength  is  determined  by  testing  tensile 
specimens  machined  from  round  cast  test  bars,  commonly  called  arbi- 
tration bars,  which  are  cast  in  the  three  sizes  listed  in  Table  I<2>.  The 
size  selection  depends  upon  the  critical  section  thickness  of  the  casting 
that  is  represented  by  the  test  bar.  Additional  data  on  specifications 
are  given  in  the  chapter,  “Specifying  and  Purchasing.” 


TABLE  I— THE  MINIMUM  TENSILE  AND  TRANSVERSE  STRENGTH  REQUIREMENTS  FOR 
THE  VARIOUS  CLASSES  OF  GRAY  IRON  AS  ESTABLISHED  BY  A.S.T.M.  SPECIFICATION 

A48-56.  121 


Class 

Min.  Tensile 
Strength,  psi 

MIN.  TRANSVERSE  STRENGTH  BREAKING 

LOAD,  POUNDS 

Test  Bar  “A” 

.875"  Dia.  12"  Span 

Test  Bar  "B” 

1.2"  Dia.  18"  Span 

Test  Bar  “C” 

2.0"  Dia.  24"  Span 

20 

20,000 

900 

1800 

6000 

25 

25,000 

1025 

2000 

6800 

30 

30,000 

1 150 

2200 

7600 

35 

35,000 

1 275 

2400 

8300 

40 

40,000 

1400 

2600 

9100 

45 

45,000 

1540 

2800 

9700 

50 

50,000 

1675 

3000 

10300 

60 

60,000 

1925 

3400 

12500 

Controlling  Section 
of  Casting 

Test 

Bar 

Bar  Diameter, 
Inches 

Bar  Length, 
Inches 

0.5"  & under 

A 

0.875 

15 

0.5"  to  1.0" 

B 

1.20 

21 

1.0"  to  2.0" 

c 

2.00 

27 

Over  2.0" 

C bar  or  larger  size  by  agreement. 

B.  EFFECT  OF  COMPOSITION  . . , Most  castings  are  purchased  on  the 
basis  of  required  properties,  and  with  exceptions  such  as  noted  above, 
decisions  concerning  composition  are  normally  the  responsibility  of 
the  foundry.  However,  with  the  close  cooperation  that  is  usually  nec- 
essary between  the  casting  producer  and  consumer,  and  in  a discussion 
of  mutual  problems,  general  information  on  the  effect  of  composition 
is  advantageous. 

The  metallurgy  of  cast  irons  is  very  complex.  Because  they 
are  basically  ternary  alloys  of  iron,  carbon,  and  silicon,  cast  irons  can- 
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Fig.  1.  The  Gen- 
eral Relation  of 
Tensile  Strength 
to  Carbon  Equiv- 
alent for  Gray 
Iron  in  1.2"  Diam- 
eter Bars. 

(Established  by 
combining  the  da- 
ta of  several  in- 
vestigators<3). 


not  be  represented  metallurgically  on  the  binary,  iron-carbon  diagram 
which  is  used  in  discussing  steels.  However,  for  some  purposes  the 
base  composition  of  gray  irons  can  be  described  in  terms  of  a carbon 
equivalent  factor  (C.E.)  in  which  the  silicon  and  phosphorus  contents 
are  represented  as  fractional  additions  of  carbon.  The  carbon  equiva- 
lent is  generally  calculated  as: 

C.E.  = % Total  Carbon  + 1/3  (%  Silicon  + % Phosphorus) 

The  carbon  equivalent  has  metallurgical  significance  by  indicating 
the  mode  of  solidification  of  the  iron  and  thus  its  basic  microstructure. 
Irons  with  a carbon  equivalent  of  over  4.3  are  called  fiypereutectic  and 
are  particularly  suitable  for  heat  shock  applications  such  as  ingot 
molds.  The  higher  strength  gray  irons  are  lower  than  4.3  in  carbon 
equivalent  (fiypoeutectic)  because  the  amount  of  contained  graphite 
decreases  with  the  carbon  equivalent.  The  average  effect  of  carbon 
equivalent  on  tensile  strength  in  a 1.2"  diameter  bar,  as  determined 
by  a number  of  investigators,  is  shown  in  Figure  1<3>. 

The  elements  commonly  present  in  or  added  to  gray  iron 
may  be  classed  into  two  groups  according  to  their  effect  on  the  iron 
during  solidification  and  cooling.  Those  elements  that  promote  the 
formation  of  graphite  are  called  “graphitizers,”  and  those  elements 
that  tend  to  retain  the  carbon  in  the  form  of  hard,  iron  carbide  are 
termed  “carbide  stabilizers.”  The  graphitizing  and  carbide  stabilizing 
influence  of  several  elements  is  shown  in  Table  II<4). 

Manganese,  sulphur,  and  phosphorus  are  present  in  vari- 
ous amounts  in  plain,  unalloyed  gray  iron  and  influence  the  tensile 
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TABLE  II— GRAPHITIZATION  VALUES  OF  DIFFERENT  ELEMENTS  AS  COMPARED  TO 

SILICON.  O) 


Element 

Crraphitization 

Value 

Si 

+ 1.00 

Al 

+ 0.50° 

Graphitizers 

Ti 

+0.40b 

Ni 

+0.35 

Cu 

+0.20c 

Mn 

— 0.25d 

Carbide 

Mo 

-0.30° 

Stabilizers 

Cr 

- 1.00 

V 

-2.50* 

a.  i nis  ngure  nolds  up  to  about  Al.  Prom  2 to  4%,  the 
graphitizotion  value  gradually  decreases  to  zero. 

b.  Mean  value.  0.1  to  0.2%  Ti  has  a stronger  action  than 
Si  on  the  graphite  formation,  while  larger  quantities 
have  a lesser  effect  than  Si. 

c.  The  value  falls  to  0.05  in  the  case  of  carbon  contents 
over  about  3%. 

d.  For  Mn  contents  between  0.8  and  1.5%.  Below  0.8%, 
Mn  has  a weaker  effect  on  carbide  formation,  and  may 
even  have  a strong  graphite-forming  influence  below 
0.6%,  in  the  presence  of  S. 

e.  For  Mo  contents  between  0.8  and  1.5%.  Below  this 
range  Mo  has  a weaker  action  on  graphite-formation; 
above,  it  has  a stronger  action. 

f.  Mean  value. 


strength  to  some  extent.  An  important  function  of  manganese  is  to 
combine  with  the  sulphur  present  in  the  iron  to  form  the  small,  harm- 
less manganese-sulphide  inclusions,  and  prevent  the  serious  embrit- 
tlement that  accompanies  the  presence  of  iron  sulphide  at  the  grain 
(cell)  boundaries.  Manganese  should  be  present  in  amounts  equal  to 
or  greater  than  1.7  x % S + 0.3%  to  prevent  the  formation  of  iron 
sulphide*5^.  Manganese  in  excess  of  this  amount  is  a mild  carbide  sta- 
bilizer, refines  the  pearlite,  and  increases  the  tensile  strength.  Phos- 
phorous in  amounts  to  0.35%  increases  the  tensile  strength,  but  this 
element  reduces  machinability  and  may  cause  dispersed  internal  po- 
rosity in  heavier  sections  such  as  bosses*8*.  For  this  reason,  phospho- 
rus is  maintained  as  low  as  is  practical,  except  for  special-purpose 
irons.  Sulphur  contents  to  0.40%  have  little  influence  on  the  strength, 
but  this  element  is  also  judged  to  be  undesirable  and  is  therefore  kept 
to  a practical  minimum. 


The  influence  of  several  of  the  more  important  alloying 
elements  on  the  tensile  strength  of  gray  iron  is  indicated  by  means  of 
multiplying  factors,  Figure  2a<3>.  The  basic  tensile  strength  of  the  iron 
(determined  by  carbon  equivalent  and  section  size)  is  multiplied  by 
the  factors  obtained  for  the  quantities  of  each  of  the  elements  con- 
tained in  that  composition.  The  effect  of  section  size  is  obtained  from 
Figure  2b*3*  and  employed  in  the  equation.  The  actual  strength  as  de- 
termined by  this  method  will  be  a minimum  for  most  modern  gray 
irons.  Increasing  amounts  of  the  graphitizing  elements  produce  only 
a slight-to-moderate  increase  in  strength,  whereas  additions  of  the 
carbide  stabilizing  metals,  chromium,  molybdenum,  or  vanadium, 
markedly  enhance  the  tensile  strength  at  some  sacrifice  in  machina- 
bility*5'7-8). Chromium  and  vanadium  in  moderate  quantities  are  very 
useful  in  maintaining  hardness  and  strength  in  heavier  casting  sec- 
tions*9'10-11).  Molybdenum  is  particularly  effective  in  increasing  tensile 
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Fig.  2a.  The  Influence  of  Several  Alloying  Elements  on  Ten- 
sile Strength  Expressed  as  an  Alloy  Factor*3*. 


The  alloy  factor  can  be  used  for  computing  the  probable  tensile  strength  of 
a gray  iron  by  use  of  the  following  equation: 

T.  S.  = 10,000  (b— 2 C.E.)  (Fi)  (F2)  (F3)  . . . 

T.  S.  = Tensile  Strength,  psi 

b = Section  size  constant— from  Fig.  2b 
C.  E.  = Carbon  Equivalent 
Fi,  Fn,  F3  = Alloy  factors  from  Fig.  2a 


Equivalent  Plate  Thickness,  Inches 
. .05  .10  .20  .30  .50  1.0  2.0  3.0  5.0 

Section  Constant  - "b" 

NJOOO  O Z!  NO  co  -t 

. 

.2  .4  .6  .8  1.0  2 4 6 8 10 

Equivalent  Diameter,  Inches 

Fig.  2b.  The  Relation  of  Casting  Thickness  or  Diameter  to  the 
Section  Constant  “b”  as  Used  to  Calculate  Probable  Tensile 
Strength  from  the  Carbon  Equivalent  and  Alloy  Content  of 
Gray  Iron*3*. 
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3.2  3.4  3.6  3.8  4.0  4.2  4.4  4.6 


Carbon  Equivalent 


Fig.  3.  The  Gen- 
eral Relation  Be- 
tween Carbon 
Equivalent  and 
Tensile  Strength 
of  Gray  Iron  in 
1.2"  Diameter 
Bars  as  Influenced 
by  Foundry  Prac- 

tiCe<25). 


strength.  One-half  percent  molybdenum  will  usually  provide  a 7,000 
psi  increase  in  tensile  strength;  one  percent — 15,000  psi,12>.  Nickel  is 
of  special  value  in  castings  with  both  thick  and  thin  sections,  since  it 
assists  in  avoiding  hard  edges  on  the  light  sections,  while  maintaining 
the  strength  and  hardness  in  the  heavier  sections'8-7-8).  Additions  of 
chromium  or  molybdenum  of  over  1%,  or  vanadium  of  over  .3%,  are 
not  frequently  employed  because  of  their  tendency  to  form  hard  mas- 
sive carbides,  but  balanced  alloy  additions  which  combine  a graphitiz- 
ing  element  such  as  nickel  or  copper  with  a carbide-stabilizing  element 
such  as  chromium  or  molybdenum  are  very  effective  in  improving  the 
strength  of  gray  iron'8-7-13-14-15). 

Certain  elements  exert  very  marked  effects  on  the  tensile 
properties  of  cast  iron  when  present  in  very  small  amounts.  Calcium, 
cerium,  magnesium,  lanthanum,  boron,  and  tellurium  are  strong  car- 
bide stabilizers  <10-22>.  Aluminum  and  titanium  in  amounts  less  than 
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.25%  are  graphitizers*23'24*.  Small  quantities  of  magnesium  or  cerium, 
of  the  order  of  0.01%,  refine  the  graphite  structure  in  gray  iron  and 
slightly  larger  amounts  cause  the  formation  of  the  spherulitic  gra- 
phite in  ductile  (nodular)  irons.  Less  than  0.05%  of  boron  or  0.005  % 
tellurium  can  be  used  to  enhance  the  chilling  tendency  of  iron  when  a 
hard,  white  iron  surface  is  desired  on  the  casting.  The  addition  of 
alloys  containing  these  potent  elements  to  the  molten  metal  just  be- 
fore it  is  poured  in  the  molds  is  called  inoculation.  This  practice  im- 
proves the  properties  of  the  casting  by  refining  the  graphite  structure 
and  providing  control  over  the  stability  of  the  carbides  in  the  iron. 
The  effect  of  inoculation  as  well  as  carbon  equivalent  on  the  tensile 
strength  is  shown  in  Figure  3<25>. 

Another  recently  developed  process <2a’27>  injects  powdered 
materials,  such  as  calcium  carbide,  magnesium  oxide,  or  rare  earth 
oxides,  into  the  molten  metal  with  an  inert  gas.  These  additions  pro- 
duce a microstructure  and  properties  that  are  between  those  of  regu- 
lar gray  iron  and  ductile  (nodular)  iron.  This  product  is  referred  to 
as  “up-graded  iron.” 

C.  EFFECT  OF  MICROSTRUCTURE  . . . The  microstructure  of  gray  iron  is 
the  most  important  consideration  in  determining  the  properties.  The 
microstructure,  in  turn,  depends  on  the  cooling  rate  (section  size)  and 
chemical  analysis.  Properties  such  as  machinability  and  wear  resist- 
ance are  almost  entirely  dependent  upon  microstructure.  The  micro- 
structure consists  of  two  principal  parts : the  graphite  flakes,  and  the 
matrix  or  metal  which  surrounds  the  graphite.  To  identify  or  study 
the  structure  of  iron,  a sample  is  polished  with  extremely  fine  abra- 
sive and  viewed  under  the  microscope.  The  sample  is  first  observed  in 
the  unetched  condition  to  establish  the  type  and  distribution  of  gra- 
phite that  is  present.  The  graphite  type  and  size  classification  estab- 
lished in  A.S.T.M.  Specification  No.  247-47<28>  is  as  follows: 

TYPE  DESCRIPTION 

A.  Uniform  Distribution,  Random  Orientation 

B.  Rosette  Groupings,  Random  Orientation 

C.  Superimposed  Flake  Sizes,  Random  Orientation 

D.  Inter-Dendritic  Segregation,  Random  Orientation  (eutectiform) 

E.  Inter-Dendritic  Segregation,  Preferred  Orientation 

Then,  by  etching  the  polished  surface  of  the  sample  with  a special 
acid,  the  matrix  structure  becomes  visible.  This  is  described  with  the 
same  terminology  used  for  other  ferrous  alloys. 
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The  appearance  of  each  of  the  five  types  of  flakes  is  shown 
in  Figure  4<2S*.  The  various  lengths  of  graphite  flakes  are  also  classi- 
fied in  this  standard.  The  uniformly  distributed  Type  “A”  is  generally 
preferred,  since  it  is  usually  associated  with  the  best  mechanical  prop- 
erties. The  rosette  type  “B”  tends  to  have  soft  ferrite  as  a matrix  at 
the  rosette  centers,  and  the  radial  flakes  are  usually  long  and  not  con- 
ducive to  higher  strength.  The  superimposed  type  “C”  graphite  occurs 
in  the  lower  strength,  high  carbon  (hypereutectic)  irons,  which  are 
good  in  heat  shock  applications,  but  have  a low  strength  and  coarse 
surface  finish  when  machined.  The  eutectiform  type  “D”  graphite 
occurs  in  higher  silicon  irons  that  are  rapidly  cooled,  and  is  at  times 
considered  objectionable  because  it  is  conducive  to  the  formation  of  a 
soft,  ferritic  matrix.  This  type  of  iron  has  excellent  machinability,  but 
poor  wear  resistance  or  strength ; however,  the  matrix  structure  can 
be  fully  controlled  by  heat  treatment,  as  it  is  in  permanent-mold  type 
castings  where  the  presence  of  type  “D”  graphite  is  typical.  Type  “E” 
graphite  with  preferred  orientation  frequently  occurs  in  irons  with  a 
low  total-carbon  cbntent.  It  is  undesirable  where  good  strength  is  de- 
sired, because  the  network  graphite  arrangement  reduces  the  strength 
to  a lower  value  than  is  obtained  with  type  “A”  graphite*29*. 
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Fig.  5.  The  Microstructure  of 
Typical  Gray  Irons  with  Three 
Types  of  Matrix  Structures. 

a.  Gray  Iron  with  a Ferritic  Ma- 
trix, Etched,  250X. 


The  matrix  structure 
of  gray  iron  (except  in  cast- 
ings that  have  been  hard- 
ened in  heat  treatment)  will 
be  all  ferrite,  all  pearlite,  or 
mixtures  of  these  constitu- 
ents. The  ferrite  is  essen- 
tially carbon-free,  but  does 
contain  silicon  and  manga- 
nese in  solid  solution.  Fer- 
rite provides  excellent  ma- 
chinability  but  low  tensile 
strength.  The  tendency  to 
form  ferrite  increases  with 
the  carbon  equivalent  of 
the  iron  and  the  amount  of 
the  graphitizing  elements 
present.  An  increase  in  car- 
bide stabilizers  and  a faster 
cooling  of  the  casting,  main- 
ly in  the  range  from  1400  °F 
to  1200 °F,  reduce  or  elimi- 
nate the  amount  of  free  fer- 
rite in  the  matrix. 

Pearlite  consists  of  al- 
ternate plates  of  soft  fer- 
rite and  the  very  hard  iron 
carbide.  Pearlite  provides 
strength.  The  finer  the  al- 
ternate plates  of  ferrite 
and  carbide  in  the  pearlite 
structure,  the  higher  the 
hardness  and  strength.  The 
amount  and  fineness  of 


c.  Acicular  Matrix  in  Gray  Iron, 
Etched,  500X. 
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pearlite  in  the  matrix  structure  also  depend  upon  the  analysis  of  the 
iron  and  increase  with  the  cooling  rate  of  the  casting  in  the  range 
from  1400°F  to  900°F.  The  percent  of  pearlite  in  the  matrix  is  in- 
dicated by  the  combined  carbon  content,  but  this  is  not  a precise  in- 
dication because  the  amount  of  combined  carbon  necessary  for  an 
entirely  pearlitic  matrix  varies  inversely  with  the  silicon  content  from 
approximately  0.85%  to  0.60%  combined  carbon.  To  demonstrate  the 
appearance  of  these  structures,  a photomicrograph  of  a ferritic  gray 
iron  is  shown  in  Figure  5a;  a pearlitic  gray  iron  in  Figure  5b;  and  a 
heat-treated  acicular  gray  iron  in  Figure  5c. 
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The  matrix  structure  of  gray  iron  can  be  readily  changed 
by  heat  treatment,  but  the  graphite  once  formed  is  little  influenced 
by  this  treatment.  The  matrix  can  be  changed  by  heat  treatment  to 
the  very  hard  martensite,  tempered  martensite,  and  acicular  austem- 
pered  structures,  as  well  as  to  all  ferrite  or  all  pearlite.  These  struc- 
tures are  described  in  sections  “D”  and  “E”  of  the  chapter  on  “Heat 
Treatment.” 


D.  EFFECT  OF  SECTION  SIZE  . . , Since  the  size  and  distribution  of  the 
graphite,  and  the  structure  of  the  matrix  are  influenced  by  cooling 
rate,  the  tensile  strength  varies  with  the  section  size  (wall  thickness) 
of  the  casting*30’31-32).  (The  thinner  a casting  is,  the  faster  it  cools.)  A 
detailed  indication  of  the  effect  of  the  diameter  or  section  thickness 
on  the  tensile  strength  and  hardness  for  several  classes  of  gray  iron  is 
illustrated  by  Figure  6*33).  It  is  evident  that  the  strength  increases 
with  decreasing  section  thickness  or  increasing  cooling  rate,  provided 
that  the  formation  of  massive  carbides,  as  indicated  for  small  casting 
sizes  in  Figure  6,  is  avoided. 


Because  the  effect  of  section  size  on  tensile  strength  is  the 
result  of  differences  in  cooling  rates,  the  tensile  strength  exhibited  by 
a gray  iron  casting  of  fixed  analysis  will  depend  on  the  type  of  mold- 
ing material,  dimensions  of  the  casting,  and  to  some  extent  on  the 
location  where  the  molten  metal  enters  the  mold  cavity.  The  strength 
of  gray  iron  castings  poured  in  permanent  metal  molds  is  considerably 
higher  than  in  sand  molds *34).  The  cooling  rate,  and  thus  the  strength 
of  iron,  in  rangy  castings,  such  as  machine  frames,  with  a high  sur- 
face-area-to-metal-volume  ratio  will  be  higher  than  the  rate  in  cast- 
ings of  equal  weight  with  a blocky  shape  and  less  surface  area.  The 
effect  of  section  size  on  strength  can  be  expressed  empirically  for 
castings  of  simple  shapes.  A general  relationship  for  unalloyed  gray 
irons  has  been  developed*3)  to  estimate  the  tensile  strength  based  on 
the  carbon  equivalent  and  a factor  known  as  De,  the  equivalent 
diameter.  This  relationship  is  expressed  as: 

Tensile  Strength  = 10,000  (11.68—2  C.E.  — 2.3  log10  De) 

where  C.  E.=  Carbon  Equivalent 

De  = Equivalent  diameter  of  casting  in  inches 
or  the  actual  diameter  of  rounds 


Computed  as  De  = 


4 x Volume  (cu.  in.) 
Surface  Area  (sq.  in.) 


or  De  = 2 x Section  Thickness  of  a plate  or  wall 
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Fig.  7.  The  Ef- 
fect of  Section 
Size  on  the  Ten- 
sile Strengths 
of  Gray  Irons  of 
Various  Carbon 
Equivalents*33'. 


Generally,  gray  irons  with  lower  carbon  equivalents  are 
less  section-sensitive  than  higher  carbon-equivalent  irons,  as  shown 
in  Figure  7<35>.  Some  alloying  elements  not  only  increase  the  strength 
level  of  gray  irons  but  also  decrease  the  effect  of  section  size  on 
strength  (38>. 

The  tensile  strength  of  a casting  can  also  be  increased  by 
rapid  air  cooling  following  removal  from  the  sand  mold  at  high  tem- 
peratures to  obtain  an  effect  similar  to  that  obtained  by  a normalizing 
heat  treatment.  This  “hot  shakeout”  increases  the  cooling  rate  of  the 
casting  and  can  increase  strength  appreciably,  and  possibly  reduce 
distortion  of  the  casting*37-38). 

The  service  strength  of  the  metal  in  a structure  may  differ 
considerably  from  the  strength  indicated  by  a simple  tensile  test. 
Service  conditions  frequently  subject  metals  to  multiaxial  stresses  and 


TABLE  III— THE  INFLUENCE  OF  NOTCHES  ON  THE  TENSILE 
STRENGTH  OF  TWO  GRAY  IRONS.  I43-  44> 


Type  of  Test 

Iron  A 

Iron  B 

Tensile  Strength,  psi 

Smooth  0.798"  dia.  bar 

41,000 

48,600 

Notched  Tensile  Strength,  psi 

45°  V-Notch  of  0.331  " root  dia.  in  a 
0.564"  dia.  test  bar 

34,100 

44,100 

Stress  Concentration  Factor 

1.20 

1.10 

Grooved  Tensile  Strength,  psi 

0.1  " groove  of  0.331  " base  dia.  in  a 
0.564"  dia.  test  bar 

34,300 

44,700 

Stress  Concentration  Factor 

1.20 

1.09 
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stress  concentrations  that  do  not  occur  in  the  uniaxial  stress  state  of 
the  conventional  tensile  test.  Some  materials  are  more  sensitive  than 
others  to  variations  in  stress  conditions.  The  effect  of  notches  in  gray 
iron  members  subjected  to  tension  is  very  small.  The  results  of  notch 
tensile  tests  are  listed  in  Table  III<43.44). 


III.  COMPRESSIVE  STRENGTH 

The  testing  method  for  compression  has  been  standardized 
by  the  American  Society  for  Testing  Materials,  Specification  No. 
A256-46<40>.  The  usual  test  piece  is  a cylinder  with  a diameter  of  .798" 
and  a 2.375"  length,  although  a specimen  with  a length-to-diameter 
ratio  of  six  is  used  when  the  elastic  modulus  in  compression  is  to  be 
determined.  The  stress-strain  behavior  of  gray  iron  is  also  measured 
during  compression  testing  and  is  discussed  in  Section  V. 

The  high  compressive  strength  of  gray  iron  is  one  of  its 
remarkable  properties.  The  strength  in  compression  is  three  to  five 
times  the  tensile  strength*41-42).  While  the  higher  tensile  strength 
irons  possess  the  higher  compressive  strength,  the  compression-ten- 
sion strength  ratio  tends  to  be  lower  for  the  stronger  irons.  The  com- 
pressive strength  of  various  classes  of  gray  and  white  irons  is  shown 
in  Table  IV*:1!)).  White  iron  exhibits  very  high  strength  in  compression, 
since  the  embrittling  effect  of  the  massive  carbides  is  not  apparent  as 
in  tensile  testing. 

A.  COMPARISON  WITH  TENSILE  STRENGTH  ...  The  compressive 
strength  has  been  compared  to  the  tensile  strength  for  a number  of 
gray  irons  and  an  approximate  numerical  relationship  has  been  devel- 
oped. The  results  of  a recent  study  are  shown  on  the  log-log  plot  in 


TABLE  IV— APPROXIMATE  COMPRESSIVE  STRENGTHS  FOR  THE 
VARIOUS  CLASSES  OF  GRAY  AND  WHITE  IRONS.  I39) 


A STM 

Class 

Compressive 
Strength,  psi 

A STM 

Class 

Compressive 
Strength,  psi 

20 

83,000 

50 

164,000 

25 

97,000 

60 

1 87,000 

30 

109,000 

50  — Heat  Treated 

210,000 

35 

1 24,000 

White  Iron 

220,000 

40 

140,000 
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Figure  8<3>.  The  average  of  the  data  falling  within  the  scatter  band  is 
indicated  by  the  heavy  solid  line.  An  expression  for  this  straight  line 
has  been  developed*3)  as  follows: 

Tensile  Strength  = (gompresshre  Strength)  1.43 

This  expression  represents  the  average  comparison  between  tensile 
and  compressive  stresses  for  a scatter  band  of  considerable  width  and 
therefore  will  only  yield  an  approximate  value. 

Available  data  indicate  that  the  compression  strength  is 
increased  somewhat  by  a notch  in  the  specimen.  The  results  of  com- 
pression tests,  Table  V(45>,  on  unnotched  and  notched  (circumferential 
60°  V-type  notch  0.062"  deep  with  a root  radius  of  0.01")  samples  of 
gray  iron  indicate  that  the  compression  strength  is  increased  by  vari- 
ous amounts,  reported  as  a stress  concentration  factor,  but  that  the 
tensile  strength  is  virtually  unaffected  by  the  presence  of  a notch. 
Thus,  the  presence  of  the  notch  increased  the  ratio  of  compressive-to- 
tensile  strength,  particularly  in  low  strength  gray  irons. 

B.  EFFECT  OF  VARIABLES  . . . Little  actual  data  are  available  to  measure 
the  effect  of  various  factors  on  the  compressive  properties  because 


40  50  60  80  100  150  200  300 

Compressive  Strength,  1000  psi 


Fig.  8.  The  Gen- 
eral Relation  of 
the  Tensile  and 
Compressive 
Strengths  for 
Gray  Iron<3>. 


The  average  line 
and  typical  range 
are  indicated. 
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TABLE  V— A COMPARISON  OF  THE  EFFECT  OF  NOTCHES  ON  THE  TENSILE  AND 
COMPRESSIVE  STRENGTHS  FOR  VARIOUS  CLASSES  OF  GRAY  IRON.  (45) 


Iron 

Type 

of 

Specimen 

TENSION 

COMPRESSION 

RATIO 

Compressive 

to 

Tensile 

Strength 

Strength, 

psi 

Stress 

Concentration 

Factor 

Strength, 

psi 

Stress 

Concentration 

Factor 

A 

Unnctched 

Notched 

19,300 

21,200 

0.91 

80,000 

104,000 

0.77 

4.15 

4.90 

B 

Unnotched 

Notched 

31,600 

32,100 

0.98 

182,000 

327,000 

0.56 

5.75 

10.2 

C 

Unnotched 

Notched 

46,000 

43,800 

1.05 

1 40,000 
193,000 

0.73 

3.04 

4.40 

D 

Unnotched 

Notched 

53,400 

51,600 

1.03 

236.000 

270.000 

0.87 

4.42 

5.23 

Stress-Concentration  . . 

Factor  = Ultimqte  Strength  of  Unnotched  Specimen,  psi 
Ultimate  Strength  of  Notched  Specimen,  psi 


this  test  is  not  as  generally  used  as  is  the  tensile  test.  Apparently, 
compressive  and  tensile  properties  are  similarly  influenced  by  most 
variables.  The  alloying  elements  that  increase  tensile  strength  most 
markedly  also  yield  the  greatest  increase  in  compression  strength.  In- 
creasing section  size,  proportionately  reduces  the  strength  in  com- 
pression as  well  as  in  tension. 


IV.  TRANSVERSE  PROPERTIES 

A.  TYPE  AND  USE  OF  TEST  . . . Transverse  testing  of  gray  iron  is  per- 
formed by  supporting  a long,  cylindrical  bar  near  each  end  and  apply- 
ing a load  midway  between  these  supports.  Three  sizes  of  test  bars  are 
conventionally  employed  in  accordance  with  AFS-ASTM  Specification 
A48-56  and  are  listed  in  Table  I.  The  ultimate  breaking  load  and  maxi- 
mum deflection  of  the  bar  before  fracture  are  measured  during  trans- 
verse testing.  These  data  can  then  be  converted  by  the  beam  formula 
to  rupture  stress,  although  some  error  is  introduced  in  this  calcula- 
tion because  of  the  difference  in  the  stress-strain  characteristics  of 
gray  iron  in  tension  and  compression.  The  transverse  test  is  commonly 
employed  for  production  control  purposes  because  the  test  is  easily 
performed  and  the  test  bars  do  not  have  to  be  machined.  In  addition, 
the  transverse  test  involves  bending  stresses  that  frequently  corre- 
spond to  actual  service  stresses*48*.  The  outer  section  of  the  test  bar 
receives  the  maximum  stress  in  the  transverse  test  but  is  machined 
off  leaving  the  central  section  to  be  tested  in  the  tensile  test. 
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TABLE  VI— TOTAL  DEFLECTION  USUALLY  OBTAINED  WITH  VARIOUS  CLASSES 
OF  GRAY  IRON  IN  THE  TRANSVERSE  TEST  (1.2  " DIA.  "B”  TEST  BAR- 
18"  SPAN.)  (“I 


ASTM 

A48-56 

Deflection, 

ASTM 

A48-56 

Deflection, 

ASTM 

A48-56 

Deflection, 

Class 

Inches 

Class 

Inches 

Class 

Inch 

30 

0.20 

40 

0.22 

50 

0.24 

35 

0.20 

45 

0.22 

60 

0.26 

B.  TRANSVERSE  STRENGTH  AND  DEFLECTION  ...  The  modulus  of  rup- 
ture is  determined  from  the  test  data  by  the  following  formula : 

ct 

M.R.(psi)  =2.546  — 

D3 

where  S is  the  applied  breaking  load  in  lbs. 

L is  the  span  in  inches 
D is  the  diameter  of  the  bar  in  inches 
The  deflection  under  transverse  loading  consists  of  both  an  elastic 
and  a plastic  (or  permanent)  component.  The  deformation  recovered 
upon  removal  of  the  load  prior  to  fracture  is  the  elastic  deformation. 
The  total  deflection  usually  obtained  with  gray  iron  of  different  ASTM 
classes  is  shown  in  Table  VI,44>.  The  higher  strength  irons  generally 
exhibit  slightly  higher  deflection. 


C.  COMPARISON  OF  TRANSVERSE  STRENGTH  AND  TENSILE  STRENGTH 

. . . The  different  stress-strain  characteristics  of  gray  irons  in  tension 
and  compression  result,  at  higher  loads,  in  an  appreciable  shift  of  the 
neutral  axis  toward  the  compression  side  of  the  transverse  speci- 
men,47'48>.  This  difference  in  stress-strain  behavior  and  the  fact  that 
the  transverse  bar  may  be  stronger  near  the  surface  can  result  in 
superior  values  from  the  transverse  test  for  the  same  properties  de- 
termined in  a tensile  test  from  the  center  of  the  same  bar. 


The  modulus  of  rupture  can,  however,  be  correlated  fairly 
accurate  with  the  tensile  strength.  A comparison  of  the  tensile 
strength  with  the  transverse  strength  has  been  made  in  Table  I ; these 
results  are  plotted  in  Figure  9(3).  The  average  of  these  results  indi- 
cated by  the  heavy  straight  line  can  be  expressed  by  the  equation  <3>: 


Tensile  Strength  (psi)  = 


1.43 


Slightly  higher  transverse  strength  values  than  those  related  in  this 
equation  have  been  reported  for  high-quality  gray  irons  of  similar 
tensile  strength'40). 
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Fig.  9.  The  Rela- 
tionship Between 
Tensile  Strength 
and  Modulus  of 
Rupture.  (Deter- 
mined in  the 
Transverse 
Test) (3). 


Values  from  the 
three  sizes  of  bars 
are  shown  with 
the  average  and 
range  from  sever- 
al investigators. 
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D.  EFFECT  OF  COMPOSITION  AND  SECTION  SIZE  ON  TRANSVERSE  PROP- 
ERTIES . . . The  transverse  strength  usually  decreases  with  increasing 
carbon  equivalent  values  and  larger  graphite  flake  size<00>.  The  deflec- 
tion, on  the  other  hand,  is  little  affected  by  graphite  flake  size  and, 
particularly  for  inoculated  irons,  has  been  shown  to  increase  with 
higher  carbon  equivalent  (50>. 

The  addition  of  alloying  elements  to  gray  iron  generally 
influences  the  transverse  and  tensile  strength  similarly.  The  effect  of 
the  various  alloying  elements  on  tensile  strength,  as  shown  in  Figure 
2,  also  indicates  the  influence  of  each  on  the  transverse  strength. 

Because  the  maximum  stress  is  at  the  outside  surface  of 
the  transverse  bar,  transverse  properties  are  less  sensitive  than  ten- 
sile strength  to  the  test  bar  diameter.  The  minor  effect  of  test  bar 
diameter  on  the  modulus  of  rupture  is  shown  in  Figure  10(51>. 


Fig.  11.  Stress-Strain  Curves  for  a Gray  Iron  in  Tension*39'. 
The  total  extension  has  been  separated  into  plastic  and  elastic 
portions. 
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Fig.  12.  Stress-Strain  Curves  for  Gray  Iron  in  Compression'39*. 

The  curve  of  total  extension  in  tension  is  included  for  compari- 
son with  those  for  plastic,  elastic,  and  total  compression. 


V.  STRESS-STRAIN  CHARACTERISTICS 

A.  COMPRESSION  COMPARED  TO  TENSION  . . . The  stress-strain  curve 
of  gray  iron,  when  determined  in  either  tension  or  compression,  does 
not  follow  a straight  line  to  a sharply  defined  yield  point.  The  slope  of 
the  stress-strain  curve  decreases  with  increasing  strain,  as  shown  in 
Figure  11  for  tension  and  Figure  12  for  compression'39*.  However,  the 
material  does  exhibit  both  elastic  and  plastic  deformation.  The  extent 
of  the  elastic  and  plastic  strain  in  both  tension  and  compression  is 
shown  in  Figures  11  and  12,  respectively.  The  non-proportional  stress- 
strain  behavior  of  gray  iron  is  caused  by  the  small  amount  of  plastic 
deformation  that  occurs  near  the  edges  of  the  graphite  flakes  at  the 
relatively  low  stresses.  It  is  evident,  however,  that  the  stress-strain 
curve  for  gray  iron  undergoes  much  less  plastic  deformation  below  the 
engineering  yield  stress  in  compression  than  in  tension. 
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B.  ELASTIC  MODULUS  . . . Since  Hooke’s  law  does  not  hold  for  gray 
iron,  Young’s  modulus,  or  the  elastic  modulus,  is  not  a constant,  but 
decreases  with  increasing  strain.  The  slope  of  the  stress-strain  curve 
or  elastic  modulus  can  be  measured  at  the  origin  of  the  tension  or  com- 
pression curve  (at  zero  strain),  and  is  usually  referred  to  as  the  tan- 
gent modulus.  It  is  also  possible  to  measure  the  change  in  length  per 
unit  of  load  and  determine  the  modulus  by  means  of  the  following 
formula,  although  the  value  of  the  modulus  obtained  by  this  method 
will  depend  on  the  relative  stress  on  the  bar: 

E = — 

eA 

where  E=  modulus  of  elasticity,  psi 
P = load  in  pounds 
1 = gage  length  in  inches 
e = change  in  gage  length  in  inches 
A = cross-sectional  area  in  square  inches 
One  of  the  most  frequently  used  methods  is  to  measure  the  slope  of  a 
straight  line  drawn  from  the  origin  of  the  stress-strain  curve  to  a 
point  on  the  curve  at  one-quarter  of  the  ultimate  load.  The  slope  of 
this  line  is  taken  as  the  elastic  modulus  and  is  usually  called  the  secanl 
modulus.  In  any  case,  the  modulus  will  not  only  vary  according  to  the 
method  of  measurement  but  is  strongly  dependent  on  the  type  of  gray 
iron.  Values  of  Young’s  Modulus  from  10  to  23  x 10r‘  have  been  re- 
ported for  different  gray  irons'52'.  Generally,  the  higher  the  strength 
or  class  of  iron,  the  higher  the  modulus. 

The  transverse  test  has  been  used  for  the  determination 
of  the  elastic  modulus.  The  value  is  usually  measured  at  one-quarter 
of  the  ultimate  load,  since  this  produces  much  less  variation  than  at 
higher  stresses,  and  is  of  more  direct  interest  to  engineers'53'.  The 
elastic  modulus  is  computed  from  the  transverse  test  by  means  of  the 
beam  formula: 

f = k3_ 

48ID 

where  1 = the  length  of  span  in  inches 

I = the  moment  of  inertia  of  the  bar  in  inches4 
D = the  deflection  of  the  bar  in  inches 
The  values  to  be  substituted  in  this  formula  are  obtained  from  a load- 
deflection  curve  for  the  transverse  test  as  shown  in  Figure  13'54'.  In 
some  instances,  the  elastic  deflection  at  fracture'54'  or  extrapolation  of 
the  load-deflection  curve  to  zero  deflection'55'  is  employed  to  determine 
the  modulus.  The  variation  in  the  modulus  of  elasticity  determined  by 
these  different  methods  is  small. 
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C.  VARIATION  OF  ELASTIC  MODULUS  WITH  STRENGTH  ...  A close  cor- 
relation between  tensile  strength  and  modulus  of  elasticity  results 
from  the  dependence  of  each  upon  the  microstructure  of  gray  iron. 
Relation  between  the  tensile  strength  and  elastic  modulus  for  various 
classes  of  gray  iron  is  indicated  by  the  scatter  band  in  Figure  14<56>. 


D.  INFLUENCE  OF  MICROSTRUCTURE,  COMPOSITION,  AND  SECTION 
SIZE  ON  THE  ELASTIC  MODULUS  . . . The  higher  modulus  of  elasticity 
that  accompanies  higher  strength  and  hardness  is  due  directly  to  the 
microstructure  of  the  gray  iron.  The  modulus  of  elasticity  is  decreased 
by  increasing  amounts  of  graphite*57-59).  Increasing  coarseness  of  the 
graphite  flakes  also  decreases  the  elastic  modulus*00-61).  A typical 
acicular  iron  with  a tensile  strength  of  66,000  psi  has  been  shown  to 
have  a modulus  of  elasticity  of  18,100,000  psi'02).  The  modulus  of  elas- 
ticity of  austenitic  irons  varies  from  14  to  21  million  psi,  depending 
upon  the  composition  and  structure  as  discussed  in  the  high  alloy 
section. 


Fig.  13.  A Load-Deflection  Curve  for  a Gray  Iron  in  the  Trans- 
verse Test(54). 

This  illustrates  gray  iron’s  function  as  a beam. 
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Fig.  14.  A Gen- 
eral Relation  Be- 
tween the  Tensile 
Strength  and 
Modulus  of  Elas- 
ticity for  Gray 
Irons  in  1"  to  3.5" 
Diameter  Speci- 
mens(56). 


The  effect  of  alloying  elements  on  the  elastic  modulus  is 
the  result  of  the  influence  of  these  additions  on  the  microstructure. 
The  carbide  formers  such  as  chromium,  molybdenum,  and  vanadium 
will  increase  the  elastic  modulus  by  their  effect  on  the  amount,  size, 
and  distribution  of  graphite.  Increasing  carbon  equivalent  (higher 
carbon  and/or  silicon  content)  will  reduce  the  modulus  by  increasing 
the  amount  or  size  of  graphite  flakes. 


Fig.  15.  The  Influ- 
ence of  the  Cast 
Section  Thickness 
on  the  Stress- 
Strain  Relation 
for  a Pearlitic 
Gray  Iron  in  Ten- 
sion(<i3). 


The  dashed  lines 
indicate  the 
amount  of  plastic 
strain. 
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The  section  size  or  cooling  rate  of  gray  iron  influences  the 
microstructure  and,  therefore,  affects  the  elastic  modulus.  Increasing 
section  thickness  causes  a decreasing  modulus  of  elasticity.  The  in- 
fluence of  section  size  on  the  stress-strain  curve  in  tension  is  indicated 
in  Figure  15<03*. 

The  elastic  modulus  of  gray  iron,  as  for  most  materials,  is 
reduced  by  increasing  temperature.  At  600  °F,  Young’s  modulus  is 
reported  to  be  approximately  20%  lower  than  at  room  temperature'04*. 
This  subject  is  discussed  in  further  detail  in  the  section  on  high  tem- 
perature properties. 

E.  OTHER  ELASTIC  PROPERTIES  . . . The  resilience  of  gray  iron  is  an  im- 
portant design  consideration  for  some  purposes.  Although  primarily  a 
measure  of  the  elastic  work  that  can  be  absorbed,  the  determination 
of  resilience  also  includes  plastic  work  because  of  the  characteristics 
of  gray  iron'05*.  The  amount  of  elastic,  plastic,  and  total  work  absorbed 
during  the  transverse  testing  of  a %"  diameter  bar  bent  between  16" 
supports  is  shown  in  Figure  16<50). 

Poisson’s  ratio  for  gray  iron  is  reported  to  be  approxi- 
mately 0.29  or  similar  to  the  value  for  wrought  iron.  No  data  are 
available  on  the  influ- 
ence that  structure, 
strength,  and  compo- 
sition may  exert  up- 
on this  property.  The 
value  of  Poisson’s  ra- 
tio for  plastic  beha- 
vior varies  consider- 
ably from  the  usual 
value  of  0.50  for  met- 
als. This  ratio  is  sub- 
stantially less  than 
0.50  for  plastic  defor- 
mation in  tension  and 
much  higher  than 
0.50  for  plastic  work 
in  compression  <0B*. 

Fig.  16.  Maximum  Bend- 
ing Stress  and  Bending 
Work  Absorbed  Versus 
Deflection  in  the  Trans- 
verse Testing  of  Gray 
Iron<56>. 
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VI.  TORSIONAL  AND  SHEAR  STRENGTHS 

The  torsional  and  shear  strengths  of  gray  iron  compare 
favorably  with  the  tensile  strength  of  this  material.  The  torsional 
strength  ranges  from  1.2  to  1.4  times  the  tensile  strength;  the  shear 
strength  varies  from  1.0  to  1.6  times  the  tensile  strength  <42'53’G7).  The 
ratio  of  shear  strength  to  tensile  strength  generally  increases  as  the 
hardness  decreases*38).  The  ultimate  torsional  strength  for  several 
classes  of  gray  iron  is  given  in  Table  VII(44). 


TABLE  VII— TORSIONAL  STRENGTH  OF  GRAY  IRON.  I44) 


Class 

Torsional 
Strength,  psi 

Class 

Torsional 
Strength,  psi 

Class 

Torsional 
Strength,  psi 

30 

40,000 

40 

54,000 

50 

67,000 

35 

45,000 

45 

60,000 

60 

76,000 

Experimental  work'00*  has  shown  that  the  torsional  strength 
of  gray  iron  is  influenced  by  the  dimensions  of  the  test  specimen.  The 
strength  in  torsion  decreases  as  the  diameter  of  solid  cylindrical  speci- 
mens increases.  The  relatively  high  torsional  strength  of  gray  iron  in 
combination  with  the  low  notch  sensitivity  results  in  a material  that 
is  very  suitable  for  shafts.  Only  limited  data  are  available  on  the  effect 
of  structure,  section  size,  and  composition  on  the  torsional  or  shear 
strengths.  These  variables  influence  the  torsional  strength  as  they  do 
tensile  strength  and  hardness. 

VII.  HARDNESS 

A.  TYPES  OF  HARDNESS  TESTS  . . . Hardness  testing  is  commonly  used 
because  it  is  rapid,  inexpensive,  and  usually  non-destructive.  Caution 
is  necessary  in  employing  hardness  values  to  establish  other  proper- 
ties since  the  relationship  of  hardness  to  other  mechanical  properties 
may  vary.  A hardness  test  measures  only  the  average  relative  hard- 
ness of  the  constituents  under  the  indenter,  and  since  the  graphite  and 
the  metallic  matrix  differ  widely  in  hardness,  considerable  variation 
in  values  may  be  obtained.  This  variation  can  be  reduced  by  employing 
a large  indenter'43)  and  for  this  reason  the  standard  Brinell  test  with 
a 10  mm.  diameter  ball  and  a 3000  Kg  load  is  preferred.  The  Brinell 
test  with  the  5 mm.  diameter  and  750  Kg  load,  the  Rockwell,  and  the 
Vickers  hardness  tests  are  employed  for  thin  or  smaller  specimens. 
Where  accuracy  is  desired,  particularly  with  the  smaller  indenters,  the 
average  of  several  readings  should  be  used.  The  variation  in  individual 
results  is  generally  greater  with  softer  irons  in  the  120-180  Brinell 
hardness  number  range,  and  decreases  with  increasing  hardness'70). 
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Fig.  17.  Hardness  Conversion  for  Gray  Iron  from  Three  Lighter 
Load  Hardness  Tests  to  the  Equivalent  Standard  Brinell  Hard- 
ness Number(71>. 

B.  COMPARISON  OF  VARIOUS  HARDNESS  SCALES  AND  CORRELATION 
WITH  OTHER  PROPERTIES  . . . The  various  hardness  numbers  have 
only  relative  significance  within  a given  scale.  In  addition,  the  hard- 
ness readings  depend  upon  such  factors  as  the  elastic  properties  of  the 
metal,  the  strain-hardening  coefficient,  and  the  yield  strength.  Accord- 
ingly, the  different  hardness  scales  have  been  correlated  for  compari- 
son purposes.  A graph  showing  the  relation  of  the  standard  Brinell 
Hardness  Number  to  the  small  Brinell  Test,  Rockwell  (Superficial 
Hardness),  and  Vickers  scale  is  shown  in  Figure  17(71b 
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TABLE  VIII— RELATIONSHIP  BETWEEN  TENSILE  STRENGTH  AND  BRINELL 
HARDNESS  FOR  VARIOUS  MICROSTRUCTURES  AND  COMPOSITIONS.  <25> 


CARBON 
EQUIVALENT,  % 

RATIO, 

TEN.  STR.H-BHN 

MICROSTRUCTURE 

3.45-3.65 

2 1 0 and  over 
190-210 

Smallest  cell,  normal  graphite 

Small  cell,  normal  graphite 

180-190 

170-180 

Medium  cell,  some  type  D graphite 

Large  cell,  some  type  D — medium  cell, 
completely  type  D 

160-170 

1 60  and  below 

Large  cell,  partial  type  D graphite 

Large  cell,  complete  type  D graphite 

3.65  - 3.85 

190-210 

180-190 

Small  cell,  normal  graphite 

Medium  cell,  normal  graphite  or  small 
cell,  partial  type  D 

170-180 

160-170 

Large  to  medium  cell  with  partial  type  D 
graphite 

Large  cell,  type  D graphite  or  free  ferrite 

3.85-4.20 

190-210 

180-190 

Medium  cell,  normal  graphite 

Medium  cell,  large  normal  graphite 

170-180 

160-170 

Medium  or  Icrge  cell,  some  type  D 

Large  cell,  type  D graphite 

1 60  or  below 

Free  ferrite,  type  D graphite 

A good  correlation  between  hardness  and  tensile  strength 
is  only  obtained  when  irons  of  a similar  microstructure  are  com- 
pared172'73*. The  relationship  between  the  Brinell  hardness  and  tensile 
strength  for  irons  of  various  carbon  equivalents  and  microstructures 
is  shown  in  Table  VIII  for  a 1.2"  bar'25*.  When  the  data  of  many  ob- 
servers are  compared,  deviations  of  up  to  30%  in  the  comparisons  are 
noted.  A comprehensive  study  of  the  correlation  of  hardness  with  ten- 
sile strength  has  been  conducted  and  is  reported  by  ASTM,  Figure 
18(7-0.  This  chart  indicates  the  wide  variation  that  may  occur  because 
of  the  different  structures  and  analyses  of  various  irons. 

The  correlation  between  hardness  and  compressive 
strength,  Figure  19,  is  considerably  better*51*.  This  is  to  be  expected 
because  the  compression  strength  steadily  increases  with  increasing 
hardness  and  is  not  as  greatly  influenced  by  microstructural  varia- 
tions as  is  the  tensile  strength. 

C.  INFLUENCE  OF  MICROSTRUCTURE  AND  COMPOSITION  . . . The  micro- 
structure is  the  primary  factor  in  determining  the  hardness  of  gray 
iron.  A wide  range  of  Brinell  hardness  numbers  is  obtained  with  vari- 
ous iron  structures,  Table  IX'75*.  The  amount,  size,  distribution,  and 
type  of  the  graphite  influence  the  hardness'50-70'77'.  The  ratio  of  the 
tensile  strength  to  hardness  can  provide  an  indication  of  both  graphite 
type*51-70*  and  carbon  equivalent'78*. 
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Fig.  18.  The  Relationship  of  Bi'inell  Hardness  to  Tensile  Strength  for  a Variety  of 
Gray  Irons  — From  a Survey'74*. 


Fig.  19.  A General  Correlation  Between  Brinell  Hardness  and 
Compressive  Strength'51*. 
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The  composition 
also  exerts  consider- 
able effect  on  hard- 
ness. Increasing  the 
carbon  equivalent 
(increasing  carbon 
and  silicon  contents) 
will  result  in  decreas- 
ing hardness  <35'50-79' 
80),  although  the  ef- 
fect is  not  as  marked 
on  hardness  as  it  is  on 
tensile  strength.  Al- 
loying elements  gen- 
erally influence  hard- 
ness in  a manner  similar  to  the  tensile  strength.  The  hardness  in- 
creases with  increasing  amounts  of  the  carbide  formers,  including 
chromium,  molybdenum,  and  vanadium'10’11'15'.  Nickel,  copper,  and 
manganese  also  increase  hardness,  although  less  markedly  than  the 
carbide  stabilizers.  The  effect  of  these  alloying  additions  on  hardness 
is  similar  to  the  effect  on  tensile  strength  indicated  in  Figure  2. 
Titanium  additions  apparently  exert  an  erratic  effect,  since  small 
amounts  increase  and  large  additions  decrease  hardness  (15>23) . 

The  cooling  rate  or  section  size  of  gray  iron  influences  the 
hardness  because  of  the  effect  on  microstructure.  The  dependence  of 
hardness  on  section  thickness  for  several  classes  of  gray  iron  has  been 
demonstrated  in  Figure  6.  For  this  reason,  the  hardness  at  the  outer 
surface  of  a casting  is  generally  somewhat  higher  than  in  the  interior. 
The  hardness  of  the  higher  class  irons  with  relatively  low  carbon  con- 
tents is  less  sensitive  to  cooling  rate  and  exhibits  less  variation  across 
the  section'32'35'. 


TABLE  IX— THE  BRINELL  HARDNESS  OF  IRON  CASTINGS 
CLASSED  BY  GENERAL  MICROSTRUCTURE.  I75) 


TYPE 

BHN 

Ferritic  (annealed)  gray  iron 

110-140 

Austenitic  irons 

140  - 160* 

Soft  gray  iron 

140-180 

Pearlitic  irons 

160  - 220 

Pearlitic  alloy  iron  of  low  alloy  content.  . . . 

200  - 250 

Tempered  martensitic  irons 

260-  350 

Martensitic  irons 

350  - 450 

White  iron,  unalloyed  (according  to 

carbon  content) 

280  - 500 

Alloy  white  iron 

450  - 550 

Martensitic  white  iron 

550  - 700 

Nitrided  iron  (surface  only) 

900  - 1,000 

*May  be  increased  to  220  by  raising  the  chromium  content. 


VIII.  FATIGUE  PROPERTIES 

The  fatigue  properties  of  gray  iron  are  important  to  de- 
signers because  iron  castings  are  frequently  employed  in  applications 
where  fatigue-inducing  conditions  occur.  Generally,  gray  iron  exhibits 
excellent  behavior  in  fatigue  under  a variety  of  conditions.  It  has  ex- 
ceptionally low  notch  sensitivity  and  is  very  serviceable  for  crank- 
shafts and  similar  applications  where  fatigue  is  an  important  criterion. 

A.  ENDURANCE  LIMIT  AND  ENDURANCE  RATIO  . . . The  limiting  stress 
sustained  by  a metal  without  fracture  after  a very  large  number  of 


144 


PROPERTIES  OF  GRAY  IRON 


cycles  of  alternating  stress  (usually  ten  million  for  ferrous  materials) 
is  called  the  endurance  limit  in  fatigue.  Values  for  gray  iron  ranging 
from  12,000  to  32,000  psi  have  been  reported  for  this  limiting  stress*41). 

The  endurance  limit  generally  increases  with  increasing 
Brinell  hardness  and  compressive  strength,  although  considerable 
scatter  is  observed' 81  '.  A value  called  endurance  ratio  obtained  by 
dividing  the  limiting  fatigue  stress  by  the  tensile  strength  is  widely 
used  to  compare  the  fatigue  behavior  of  metals.  Endurance  ratios  be- 
tween 0.33  and  0.60  have  been  reported  for  gray  iron  by  various  inves- 
tigators(53-81’82-83'S4’85>.  This  wide  variation  in  endurance  ratio  is  the  re- 
sult of  the  wide  diversity  of  cast  irons  tested  and  the  different  testing 
conditions'80*.  The  endurance  ratio  is  generally  lower  for  the  higher 
strength  irons,  as  demonstrated  for  several  classes  and  types  of  gray 
iron  in  Tables  X and  XI'87'. 

B.  INFLUENCE  OF  STRESS  CONDITIONS  ...  The  values  of  endurance 
ratio  and  endurance  limit  must  be  used  with  caution,  however,  because 
they  do  not  depict  behavior  under  the  various  combinations  of  stress 
states  or  include  the  effect  of  overstressing  or  notches.  It  was  pointed 
out  in  the  section  on  transverse  testing  that  the  rupture  strength  in 
bending  was  greater  than  the  actual  tensile  strength  because  of  the 
different  stress-strain  characteristics  of  gray  iron  in  tension  and  com- 
pression. Correspondingly,  it  was  shown'87'  that  the  calculated  endur- 


TABLE  X— ENDURANCE  LIMIT  AND  RATIOS  FOR  VARIOUS  GRAY  IRONS 
AS  DETERMINED  IN  ROTATING-CANTILEVER-BEAM  TESTS.  I87) 


TYPE  OF  IRON 

TENSILE 

STRENGTH,  PSI 

ENDURANCE 
LIMIT,  PSI 

ENDURANCE 

RATIO 

Pearlitic 

41,000 

1 9,000 

0.46 

42,100 

1 9,000 

0.45 

48,600 

21,300 

0.44 

52,900 

23,500 

0.45 

Acicular 

63,900 

24,600 

0.39 

65,500 

24,600 

0.38 

65,900 

25,800 

0.39 

76,000 

25,800 

0.34 

TABLE  XI— ENDURANCE  LIMIT  IN  BENDING  FATIGUE  FOR  DIFFERENT  CLASSES  OF 

GRAY  IRON.  '87l 


Class 

Endurance 

Limit,  psi 

Class 

Endurance 

Limit,  psi 

Class 

Endurance 

Limit,  psi 

20 

about  10,000 

35 

16,000-  17,500 

50 

24,500  - 27,500 

25 

1 1,500 

40 

17,500  - 19,500 

60 

about  29,500 

30 

13,700-  15,500 

45 

21,500  - 25,500 

70 

about  31 ,500 
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ance  limit  from  bending  fatigue  tests  could  be  as  much  as  25%  above 
the  actual  value.  This  variation  will  actually  depend  on  the  type  of 
iron  and  dimensions  of  the  specimen <80).  The  endurance  limit  for  axial 
loading  has  been  shown  by  various  investigators  to  vary  between  59 
and  94%  of  the  limiting  fatigue  stress  for  bending,  but  is  frequently 
close  to  75%  of  the  limiting  stress  in  bending'45-88'. 

The  favorable  strength  of  gray  iron  in  compression  and 
torsion  results  in  excellent  fatigue  properties  under  these  types  of 
stress.  Repeated  loading  in  compression  alone  yields  a relatively  high 
endurance  limit<89)  with  an  endurance  ratio  of  0.40  to  0.70.  The  endur- 
ance ratio  for  gray  iron  in  torsion  is  reported  to  be  generally  about 
0.40(45'90),  although  it  is  higher  for  lower  strength  irons'01'.  The  ratio 
of  endurance  limits  in  torsion  to  those  in  bending  have  been  found  to 
be  as  low  as  ,75'90>  and  as  high  as  1.25(92). 

The  endurance  ratio  is  usually  higher  when  the  load  is 
applied  from  zero  to  a maximum  in  only  one  direction.  In  one  study 
the  endurance  limit  was  found  to  be  19,000  psi  for  a complete  reversal 
in  bending,  but  23,000  psi  for  bending  from  zero  to  a maximum.  A 
similar  increase  was  also  noticed  when  the  fatigue  testing  was  con- 
ducted in  torsion'93'.  The  limiting  fatigue  strengths  and  endurance 
ratios  of  several  high  strength  irons  are  shown  for  a variety  of  differ- 
ent fatigue  loading  conditions  in  Table  XII(93b 


TABLE  XII— TENSILE  STRENGTH  AND  FATIGUE  STRENGTH  OF  GRAY  IRONS  UNDER 
DIFFERENT  LOADING  CONDITIONS.  (93> 


GRAY  IRON  NO. 

1 

2 

3 

4 

5 

Tensile  Strength,  psi 

44,000 

48,000 

55,000 

56,500 

76,500 

Endurance  Limit  in  Complete  Reversal  Bend- 
ing,  psi 

19,000 

21,000 

22,000 

22,000 

25,000 

Endurance  Ratio  in  Complete  Reversal  Bend- 
ing 

0.43 

0.44 

0.40 

0.39 

0.33 

Endurance  Limit  in  Half-Cycle  Bending, 

O-max.,  psi 

23,000 

32,000 

27,000 

33,000 

38,000 

Endurance  Ratio  in  Half-Cycle  Bending, 
O-max 

0.52 

0.67 

0.49 

0.58 

0.50 

Endurance  Limit  in  Complete  Reversal 

Torsion,  psi 

1 6,000 

16,500 

21,000 

20,000 

22,000 

Endurance  Ratio  in  Complete  Reversal  Torsion 

0.36 

0.34 

0.38 

0.35 

0.29 

Endurance  Limit  in  Half-Cycle  Torsion, 

O-max.,  psi 

23,000 

25,000 

26,000 

33,000 

29,000 

Endurance  Ratio  in  Half-Cycle  Torsion, 

O-max 

0.52 

0.52 

0.47 

0.58 

0.38 
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TABLE  XIII— THE  INFLUENCE  OF  NOTCHING  ON  THE  ENDURANCE  LIMIT 
FOR  VARIOUS  STRENGTHS  OF  GRAY  IRON.  (81). 


Tensile  Strength, 
psi 

ENDURANCE  LIMIT 

Fatigue-Stress 

Reduction, 

“K”  factor 

Unnotched,  psi 

Notched,  psi 

20,000 

9,200 

9,200 

1.00 

25,000 

1 1,900 

1 1,400 

1.05 

29,800 

1 5,000 

1 3,700 

1.10 

33,600 

22,000 

1 5,700 

1.40 

36,500 

19,500 

16,300 

1.20 

42,600 

23,300 

1 9,000 

1.26 

C.  NOTCH  SENSITIVITY  . . . The  introduction  of  stress  raisers  such  as 
notches  has  little  influence  on  the  fatigue  properties  of  gray  irons 
with  tensile  strengths  of  40,000  psi  or  less.  Notches  reduce  the  strength 
of  higher  strength  irons  slightly.  The  notch  sensitivity  is  generally 
measured  by  a fatigue  stress  reduction  or  “K”  factor,  which  repre- 
sents the  ratio  of  the  endurance  limit  of  an  unnotched  fatigue  speci- 
men to  a notched  specimen.  The  effect  of  increasing  tensile  strength 
of  the  gray  iron  on  the  “K”  factor  is  shown  for  several  irons  in  Table 
XIII<81).  The  average  influence  of  notches  on  the  endurance  limit  for 
tensile  strengths  up  to  60,000  psi  is  also  indicated  graphically  in  Fig- 
ure 20(04). 


It  has  been  demonstrated  in  some  work  with  crankshafts 
that  the  relative  dimensions  of  the  gray  iron  part,  in  addition  to  the 
influence  of  notches,  can  be  changed  to  increase  the  endurance  limit. 
Stepped  bars  with  different  diameters  exhibited  an  increased  torsional 
fatigue  limit  compared  to  crankshaft  sections (91-95>.  A reduction  in  all 


Fig.  20.  The  Rela- 
tion Between  Ten- 
sile Strength  and 
Endurance  Limit 
as  Determined 
with  Smooth  and 
Notched  Test 
Bars<94>. 
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dimensions  by  50%  increased  the  limiting  fatigue  stress  in  torsion  by 
28%  for  gray  iron<aih 

D.  OVERSTRESSING  AND  UNDERSTRESSING  ...  The  endurance  limit  of 
gray  iron  is  alfected  considerably  by  the  prior  stress  history  of  the 
material.  When  gray  iron  and  other  metals  are  subjected  briefly  to 
stresses  above  the  endurance  limit,  the  eventual  limiting  fatigue 
strength  is  usually  reduced.  The  reduction  in  endurance  limit  by  over- 
stressing will  increase  with  the  stress  and  the  number  of  cycles.  On 
the  other  hand,  if  the  material  is  understressed  by  subjecting  it  to 
cycling  or  static  stresses  below  the  endurance  limit,  the  resulting  lim- 
iting fatigue  strength  is  increased.  Progressively  increasing  under- 
stress may  improve  the  endurance  limit. 

A study  has  been  conducted  on  the  effect  of  overstressing 
on  the  fatigue  limit  of  gray  iron  at  stresses  up  to  1.3  times  the  en- 
durance limit <n°’07).  This  is  illustrated  in  Figure  21(97).  The  full  line 
represents  the  fatigue  curve  for  the  metal.  Specimens  were  over- 
stressed at  stresses  such  as  S2,  a certain  percentage  over  the  fatigue 
limit.  The  number  of  cycles  of  overstress,  N2,  to  which  the  iron  speci- 
men was  subjected  is  listed  as  the  percentage  of  the  total  number  of 
cycles  possible  and  referred  to  as  the  cycle  ratio.  The  results  obtained 
in  this  investigation  with  a gray  iron  of  33,600  psi  tensile  strength  are 
listed  in  Table  XIV(0G'07).  These  data  clearly  show  the  excellent  ability 
of  cast  iron  to  withstand  overstress.  Overstresses  of  10%  for  cycle 
ratios  up  to  80%  did  not  appreciably  affect  the  fatigue  limit  of  un- 


Fig.  21.  The  Definitions  of  Overstress  and  Cycle  Ratio  for  the 
Data  Presented  in  Table  XIV<97>. 
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notched  specimens.  For  the  V4"  wide,  .330"  deep,  square  notch  em- 
ployed, the  overstressing  actually  improved  the  endurance  limit  of  the 
iron.  Only  with  a high  degree  of  overstressing  in  the  unnotched  speci- 
mens did  a significant  decrease  in  fatigue  limit  occur.  The  ability  to 
withstand  overstress  is  somewhat  less  for  high  strength  irons*08*. 


TABLE  XIV — PERCENTAGE  CHANGE  IN  THE  ENDURANCE  RATIO  DUE  TO 
OVERSTRESSING  FOR  A CLASS  30  GRAY  IRON  (»A  97 ) 


OVERSTRESS 

UNNOTCHED 
(R.R.  MOORE  TYPE) 

SQUARE  NOTCHED 
(.50"  TO  .33"  DIA.) 

CYCLE  RATIO 

CYCLE  RATIO 

20% 

50% 

80% 

20% 

50% 

80% 

10% 

- 1% 

- 2% 

- 3%  . 

+ 5% 

+ 4% 

+ 3% 

20% 

- 8% 

- 8% 

- 9% 

+ 1% 

0% 

-1% 

30% 

-11% 

-14% 

-18% 

+ 5% 

+ 4% 

+ 3% 

Endurance  limit 

22,000  psi 

1 5,700  psi 

Chemical  Analysis:  3.57%  T.  C.,  1.58%  Si,  0.58%  Mn,  0.06%  S,  0.66%  P 
Tensile  Strength:  33,600  psi 


The  beneficial  effect  of  understressing  on  fatigue  proper- 
ties is  clearly  demonstrated  by  available  data,  although  these  results 
are  confined  to  low-strength  irons.  A gray  iron  with  a tensile  strength 
of  approximately  20,000  psi  and  an  endurance  limit  of  9,300  psi  was 
understressed  at  9,000  psi  to  obtain  the  increases  in  the  endurance 


Fig.  22.  Percent 
of  Increase  in  En- 
durance Limit  as 
Effected  by  Un- 
derstressing<99). 
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Fig-.  23.  Percent 
of  Increase  in  En- 
durance Limit  as 
Influenced  by  the 
Unit  Stress  Used 
in  Understressing 
a Gray  Iron(9B). 


limit  shown  in  Figure  22  *89*.  The  fatigue  limit  increased  with  increas- 
ing cycles  of  understressing  to  a maximum  of  25%.  When  this  same 
iron  was  understressed  for  20,000,000  cycles  at  various  stresses,  the 
higher  the  understress  employed,  the  greater  the  increase  in  fatigue 
limit  obtained  as  shown  in  Figure  23'°°'.  There  are  indications,  how- 
ever, that  this  increase  in  endurance  limit  does  not  occur  to  an  im- 
portant extent  in  high-strength  irons*00*. 

E.  EFFECT  OF  SURFACE  ROLLING  AND  SURFACE  FINISH  . . . The  fatigue 
properties  of  gray  iron  can  be  measurably  improved  by  surface  rolling. 
In  some  recent  work  performed  with  V-notched  specimens  of  ferritic 
and  pearlitic  gray  irons*100-101*' the  notch  was  rotated  between  hardened 
steel  rollers.  Various  pressures  were  applied  on  the  rollers,  thus  work 
hardening  the  surface  material  and  thereby  increasing  the  tensile 
strength  and  inducing  compressive  stresses  into  the  surface  layers. 
The  results  indicate  that  an  optimum  rolling  pressure  exists  for  im- 
proving the  fatigue  properties  and  that  higher  pressures  will  damage 
the  surface  and  reduce  the  endurance  limit.  The  fatigue  limit  of  fer- 
ritic iron  was  improved  110%  by  the  optimum  pressure,  Figure  24*101>, 
while  pearlitic  gray  iron  experienced  a 20%  increase  in  endurance 
limit,  Figure  25*101>.  The  S-N  curves  for  the  unnotched-unrolled  and 
notched-unrolled  metal  are  shown  in  both  cases  for  comparison.  It  has 
been  demonstrated  that  the  fatigue  strength  of  a cast  crankshaft  can 
be  improved  by  cold  rolling*102*  or  roll  polishing*103*. 

As  might  be  anticipated  from  the  low  notch  sensitivity  of 
gray  iron,  its  fatigue  properties  are  little  affected  by  surface  finish.  It 
is  reported  that  the  bending  fatigue  of  cast  crankshaft  test  pieces  is 
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not  affected  by  surface  finish*81'.  A dependence  on  surface  condition 
was  shown,  however,  when  the  fatigue  limit  of  a,  high  strength  iron 
was  improved  approximately  20%  by  removing  the  cast  surface  layer 
by  machining*89). 

F.  EFFECT  OF  STRUCTURE,  COMPOSITION,  SECTION  SIZE,  AND  HEAT 
TREATMENT  . . . The  fatigue  properties  of  gray  iron  are  very  sensitive 
to  the  structure,  particularly  the  graphite  size  and  distribution*81). 
The  endurance  limit  is  usually  considerably  better  in  gray  irons  with 
fine  graphite,  and  is  even  more  affected  than  the  tensile  strength  by 
this  constituent'104).  The  effect  of  original  as-cast  structure  still  in- 


Fig.  24.  The  In- 
fluence of  Rolling 
on  the  Fatigue 
Strength  of 
Notched  and  Un- 
notched Test  Bars 
of  a Gray  Iron 
with  a Ferritic 
Microstruc- 
ture*101'. 
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Fig.  25.  The  In- 
fluence of  Rolling 
on  the  Fatigue 
Strength  of 
Notched  and  Un- 
notched Test  Bars 
of  a Gray  Iron 
with  a Pearlitic 
Microstruc- 
ture(101). 


fluences  the  endurance  limit  after  heat  treatment'10'*.  When  the  ten- 
sile strength  is  increased  by  alloy  additions,  the  endurance  ratio  (not 
necessarily  endurance  limit)  is  generally  decreased  as  shown  for  cop- 
per additions  in  Table  XV(S5-0B'100>. 

The  fatigue  properties  are  also  influenced  by  heat  treat- 
ment of  gray  iron  castings,  Table  XVI<108’107*.  it  has  been  demon- 
strated by  quenching  and  tempering*03’107*  and  by  isothermal  quench- 
ing1103* that  the  endurance  limit  does  not  increase  as  rapidly  as  the 
strength  is  increased.  Thus,  the  endurance  ratio  decreases  and  notch 
sensitivity  increases  as  the  strength  is  increased  by  heat  treatment. 

The  high-tensile  strength  irons,  such  as  those  with  an 
acicular  structure,  usually  exhibit  a lower  endurance  ratio,  although 
some  of  these  irons  have  been  reported  with  endurance  ratios  as  high 
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TABLE  XV— ENDURANCE  LIMIT  AND  ENDURANCE  RATIO  OF  GRAY  IRON 
CONTAINING  3.15  PERCENT  CARBON,  1.50  PERCENT  SILICON,  ALLOYED  WITH 

COPPER.  I85) 


No. 

% Cu. 

TENSILE  STRENGTH, 

psi  (A) 

ENDURANCE  LIMIT, 

psi  (B) 

ENDURANCE  RATIO, 
B^-A 

1. 

0 

48,500 

23,000 

0.47 

2. 

0.53 

47,500 

19,000 

0.40 

3. 

0.99 

50,000 

22,000 

0.44 

4. 

1.45 

53,000 

24,000 

0.45 

5. 

1.98 

54,500 

24,000 

0.44 

6. 

3.10 

56,000 

23,000 

0.41 

TABLE  XVI— THE  EFFECT  OF  HEAT  TREATMENT  ON  THE  ENDURANCE  LIMIT  OF 
ALLOYED  GRAY  IRONS  <'05.  10 7) 


Iron 

Heat 

Izod, 

End.  Limit, 

Inc.  in  Ten. 

Inc.  in  End. 

No. 

Treat. 

BHN 

Ft. -Lb. 

psi 

Endurance 

Str.  due  to 

Limit  due  to 

(1) 

(2) 

(3) 

(4) 

Ratio 

Heat  Treat.,  % 

Heat  Treat.,  % 

1 

AB 

217 

18 

17,500 

0.35 

2 

ACD 

31  1 

16 

1 8,000 

0.27 

32 

3 

3 

AE 

248 

15 

17,500 

0.28 

25 

None 

4 

AF 

255 

21 

22,500 

0.32 

41 

29 

5 

GB 

248 

18 

21,000 

0.32 

31 

20 

6 

A 

197 

1 6,000 

0.34 

7 

ACH 

255 

1 5,000 

0.23 

40 

-6 

8 

A 

207 

1 7,000 

0.33 

9 

ACD 

293 

1 5,500 

0.20 

53 

-8 

10 

A 

217 

1 6,500 

0.34 

1 1 

AE 

277 

1 6,500 

0.28 

None 

12 

A 

21,000 

0.44 

13 

ACJ 

25,000 

0.33 

59 

19 

(1)  Composition  and  Sizes  of  Test  Castings 


COMPOSITION,  PER  CENT 

Iron 

No. 

Cast  Size  of  Test  Section,  Inches 

Total 

C 

Si 

Mn 

P 

S 

Ni 

Cr 

Mo 

1 to  5 
6-7 

6%  OD  x 3 ID  (cored)  x 9/2  lg. 

8 OD  x 3'/2  ID  (cored)  x 9'/2  lg- 

2.84 

3.06 

1.40 

1.40 

0.67 

0.91 

0.1 1 
0.1  1 

0.06 

0.07 

1.68 

1.54 

0.16 

0.30 

0.46 

0.49 

8-9 

10-11 

8 OD  x 3/2  ID  (cored)  x 9'/2  lg. 

8 OD  x 3V2  ID  (cored)  x 9'/2  lg. 

3.09 

2.94 

1.74 

1.32 

0.93 

0.99 

0.07 

0.09 

0.05 

0.06 

1.40 

1.39 

0.28 

0.30 

0.58 

0.50 

12  - 13 

7 ID  cylinder  with  1 % wall 

3.07 

1.26 

0.90 

0.08 

0.15 

(2)  Heat  Treatments 


A — Mold-cool  to  room  temperature. 

F — Austemper;  oil  quench  from  1600°  to  650°  F,  hold 

B — Stress  relieve  at  1050°  F. 

for  16  hrs. 

C — Oil  quench  from  1600°  F. 

G — Shake-out  from  mold  at  1600°  F,  air  cool. 

D — Temper  at  1050°  F for  2 hrs. 

H — Temper  at  1 1 30°  F for  2 hrs. 

E — Austemper;  oil  quench  from  1600°  F to  900°  F,  hold 

J — Temper  at  1000°F. 

for  16  hrs. 

(3)  Unnotched  specimen  0.798  inch  dia.  and  projecting  1 Yt  inch  above  holding  jaw. 

(4)  Test  piece  was  1.000  inch  dia.  in  reduced  section. 
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TABLE  XVII— THE  FATIGUE  STRENGTH  OF  FOUR  ACICULAR  GRAY  IRONS.  COS) 


IRON  NO. 

i 

2 

3 

4 

Fatigue  Strength,  psi 

24,600 

24,600 

25,800 

25,800 

Endurance  Ratio 

0.38 

0.39 

0.39 

0.34 

Tensile  Strength,  psi 

65,200 

63,900 

65,900 

76,000 

BHN 

312 

343 

283 

331 

Chemical  Analysis,  % 

Total  Carbon 

3.09 

3.08 

2.93 

2.91 

Silicon 

2.19 

2.00 

2.1  1 

2.1  6 

Manganese 

0.64 

0.68 

0.60 

0.64 

Nickel 

1.58 

2.21 

1.25 

1.92 

Molybdenum 

0.59 

0.71 

0.65 

1.18 

Phosphorus 

0.04 

0.04 

0.03 

0.04 

Sulphur 

0.05 

0.05 

0.02 

0.06 

as  0.46.  The  fatigue  properties  of  some  acicular  gray  irons  are  shown 
in  Table  XVII'108*.  The  lower  strength  austenitic  gray  irons  in  the 
29,000  to  35,000  psi  tensile  strength  range  generally  exhibit  an  en- 
durance ratio  of  slightly  more  than  0.50. 

Increasing  section  size  reduces  the  fatigue  strength  of  gray 
iron  just  as  it  affects  the  other  mechanical  properties.  The  available 
data  on  the  influence  of  test-piece  size  on  fatigue  properties'22'100* 
show  that  both  the  endurance  limit  and  endurance  ratio  decrease  with 
increasing  section  size. 

G.  EFFECT  OF  ELEVATED  AND  LOW  TEMPERATURES  . . . The  effect  of 
high  temperature  on  the  fatigue  properties  of  gray  iron  is  slight  up 
to  800  °F.  Some  results  for  special,  low-silicon  irons  even  indicate  that 
the  fatigue  strength  may  be  somewhat  higher  at  400°F  than  at  room 
temperature'110*.  Above  800 °F  the  endurance  limit,  as  measured  by 
bending  fatigue  specimens,  decreases  rapidly,  Figure  26|in*.  Auste- 
nitic gray  irons,  however,  demonstrate  an  acceptable  fatigue  life  to 
1160°F,  e.g.,  a nickel-copper-chromium  austenitic  gray  iron  has  shown 
only  a slightly  decreased  fatigue  strength  from  the  room  temperature 
value.  It  is  noted  that  the  tensile  strength  decreases  more  rapidly  than 
the  endurance  limit  for  these  irons  with  the  result  that  the  endurance 
ratio  usually  increases  at  high  temperatures. 

The  only  results  available  for  fatigue  testing  of  gray  iron 
at  temperatures  down  to  -50  °F  indicate  about  a 25%  increase  in  en- 
durance limit  when  the  temperature  is  decreased  from  80  to  -50°F. 
The  notch  sensitivity  of  the  gray  iron  was  not  altered  by  this  decrease 
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Fig.  26.  The  Influence  of  Elevated  Temperatures  on  the  Tensile 
Strength  and  Endurance  Limit  of  a Gray  Iron  in  Notched  and 
Unnotched  Test  Specimens*111*. 


in  temperature.  While  the  endurance  limit  might  not  improve  as  much 
with  other  irons  over  this  temperature  range,  it  does  appear  that  the 
low-temperature  fatigue  properties  are  at  least  equivalent  to  those  at 
room  temperature*112*. 


IX.  IMPACT  RESISTANCE  OR  TOUGHNESS 

While  the  impact  resistance  of  gray  iron  is  lower  than 
some  other  cast  ferrous  metals,  there  are  many  applications  involving 
moderate  shock  in  which  gray  irons  offer  sufficient  toughness  for  sat- 
isfactory use.  The  impact  resistance  of  modern  gray  irons  is  consider- 
ably improved  as  compared  with  the  older  types1113*,  and  the  new 
ductile  (nodular)  irons  have  very  good  impact  properties ; see  Part  III, 
Section  F. 

A.  TYPES  OF  TESTS  . . . Impact  resistance  or  toughness  is  a measure  of 
the  ability  of  a material  to  resist  fracture  upon  sudden  application  of 
a load.  This  property  is  measured  by  the  amount  of  energy  required 
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to  fracture  a metal  specimen  with  a rapid  load  application.  The  stand- 
ard notch  Charpy  and  Izod  impact  tests  frequently  employed  for  steel 
and  other  metals  do  not  yield  a sufficient  spread  to  differentiate  be- 
tween the  relative  toughness  of  various  gray  irons.  Accordingly,  these 
specimens  are  replaced  by  larger,  unnotched  tests  for  gray  irons<114’115>. 

The  concept  of  a transition  temperature  from  ductile  to 
brittle  failure  is  not  involved  in  the  impact  testing  of  gray  iron  be- 
cause of  the  comparatively  low  ductility.  Since  gray  iron  does  have 
sufficient  toughness  for  many  purposes,  it  is  necessary  to  differentiate 
between  the  impact  resistance  of  the  various  types  of  iron  to  permit 
the  selection  of  the  required  grade.  The  large,  unnotched  specimens  of 
gray  iron  serve  the  purpose  of  spreading  the  quantitative  range  of 
energies  required  for  fracture  and  thereby  permitting  a differentiation 
between  the  toughness  of  the  various  types. 


Fig.  27.  The  Relation  Between  Repeated-Drop  Impact  Tests 
and  Single-Blow  Impact  Tests  on  a Series  of  Gray  Irons*118*. 


Impact  tests  may  be  divided  into  two  categories : single- 
blow impact  tests  and  repeated-blow  impact  tests.  The  single-blow 
impact  tests  include  the  Izod,  Charpy,  and  tension  impact  tests.  The 
Izod  test,  as  described  in  ASTM  Specification  A327-54*110*,  uses  a .798" 
machined  diameter,  3"  long  cylinder  which  is  clamped  in  a vise  in  a 
cantilever  position  and  fractured  with  a pendulum-type  hammer.  Non- 
standard 1.2"  diameter  unmachined  arbitration  bars  are  also  tested  by 
the  Izod  method.  The  Charpy  test  for  gray  iron,  as  described  in  ASTM 
Specification  A327-54,  uses  a 1%"  diameter  cylindrical  specimen  placed 
on  two  supports  6"  apart  and  broken  by  striking  with  a pendulum  mid- 
way between  these,  two  supports.  A good  correlation  in  impact  results 
is  generally  observed  between  the  Izod  and  Charpy  type  tests.  The 
tension-impact  test  finds  little  use  because  of  excessive  scatter  in  the 
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results’11'1.  All  three  tests  measure  the  amount  of  energy  removed 
from  the  swinging  pendulum  by  the  fracture  of  the  impact  specimen. 

Both  an  American  and  European  type  of  repeated-blow 
impact  test  are  employed.  The  American  test  consists  of  dropping  a 
hammer  from  increasing  heights  upon  a cylindrical  specimen  until 
fracture <51'110).  The  European  or  Krupp-Stanton  test  involves  dropping 
a standard  weight  hammer  a set  distance  upon  a rotating  cylindrical 
specimen  for  a number  of  times  until  fracture*106-117)  The  repeated- 
blow  impact  tests  have  been  utilized  to  develop  differences  in  tough- 
ness not  evident  from  single-blow  tests.  However,  the  results  are  only 
comparative  in  nature  and  frequently  do  not  correlate  with  other  tests 
or  different  conditions.  The  data  contained  in  Figure  27*118>  show  that 
the  single-blow  impact  test  is  less  sensitive  than  a repeated-blow  im- 
pact test  at  the  higher  impact  values.  The  Krupp-Stanton  test  often 
has  some  correlation  with  single-blow  tests,  but  wide  variations  at 
other  times.  The  results  of  Krupp-Stanton  tests  indicate  that  gray 
iron  can  be  superior  in  toughness  to  cast  steel  even  though  the  single- 
blow tests  show  the  reverse*119). 

B.  EFFECT  OF  TEST  CONDITIONS  AND  DIMENSIONS  . . . The  energy  re- 
quired to  fracture  gray  iron  in  impact  will  frequently  increase  with 
increasing  pendulum  velocity,  so  that  the  striking  velocity  must  be 
standardized'115’120'121*.  Since  gray  iron  is  not  notch  sensitive,  the  sur- 
face condition  of  the  specimen  exerts  little  effect  on  the  impact  re- 
sistance*117). 

Temperature  has  only  a slight  influence  on  the  toughness  of 
gray  iron  because  the  type  of  fracture  is  not  affected.  Temperatures 
over  900 °F  result  in  a slight  increase  in  impact  resistance*122*  as 
measured  in  single-blow  tests.  Sub-atmosphere  temperatures  usually 
cause  a small  decrease  in  energy  absorbed  during  fracture*115). 

C.  CORRELATION  OF  IMPACT  RESISTANCE  AND  OTHER  PROPERTIES  . . . 

The  toughness  generally  increases  with  increasing  tensile  strength, 
although  under  some  circumstances  a relatively  low-strength  ferritic 
iron  may  possibly  exhibit  higher-impact  resistance  than  a stronger 
but  less  flexible  iron*123*.  A general  relationship  between  the  various 
classes  of  gray  iron  and  the  energy  required  for  fracture  of  a 1.2" 
diameter  unnotched  bar  in  the  Izod  type  test  is  shown  in  Table 
XVIII*44’82).  A similar  comparison  between  impact  resistance  with  a 
Charpy  type  bar  and  the  tensile  strength  demonstrates  an  excellent 
straight-line  correlation*124*.  In  both  cases,  the  energy  required  for 
fracture  increased  with  increasing  tensile  strength. 
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TABLE  XVIII— TYPICAL  IMPACT  RESISTANCE  FOR  THE  VARIOUS 
CLASSES  OF  GRAY  IRON  IN  THE  IZOD  TEST  WITH  1.2"  DIAMETER 
UNNOTCHED  BARS.  04,  82) 


Class 

30 

35 

40 

45 

50 

60 

50 

Heat  treated 

Izod  Impact, 
Ft.-Lbs. 

23 

25 

31 

36 

65 

75 

120  + 

Since  the  only  significant  difference  between  the  Charpy 
impact  test  of  gray  iron  and  the  transverse  test  is  one  of  loading  veloc- 
ities, a close  correlation  between  the  results  of  this  test  is  anticipated 
and  is  actually  demonstrated  for  1%"  diameter  bars  in  Figure  28<118>. 
The  repeated-drop  test  also  exhibits  some  correlation  with  transverse 
rupture  strength  although  more  scatter  in  results  occurs*118). 

The  impact  resistance  correlates  with  hardness  and  this 
relationship  has  been  expressed  mathematically*125).  However,  many 
structural  and  composition  differences  in  the  irons  can  influence  this 
relationship  markedly. 

D.  EFFECT  OF  COMPOSITION  AND  STRUCTURE  . . . Impact  resistance  is 
appreciably  influenced  by  composition.  The  results  of  a comprehensive 
study  of  the  effect  of  alloy  additions  on  the  impact  resistance,  as  meas- 
ured by  Izod  tests  on  1.2"  diameter  unmachined  bars,  are  shown  in 

Table  XIX*114).  The  influ- 
ence of  phosphorus,  nickel- 
chromium,  nickel-molybde- 
num, and  the  high  nickel- 
chromium  austenitic  irons 
on  the  impact  resistance 
is  indicated.  Phosphorus 
reduces  the  toughness 
markedly  — approxi- 
mately 5%  for  each  0.1% 
P increase*39'114-115'120). 
Copper  as  an  alloy  addition 
has  little  influence  on  im- 
pact*127'. Molybdenum  and 
nickel  alone  and  in  combi- 
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Fig'.  28.  Relation  Between  the 
Transverse  Strength  and  Single- 
Blow  Impact  Resistance1118'. 
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nation  improve  the  impact  strength  in  a similar  manner  as  these 
alloying  elements  improve  the  tensile  strength  <39-62-128>.  While  the  alloy 
irons,  particularly  those  with  an  austenitic  matrix,  exhibit  good  tough- 
ness, the  plain  gray  irons  have  reasonably  good  resistance  for  many 
uses,  as  shown  by  the  data  in  Table  XIX. 

Since  the  structure  of  the  iron  is  influenced  by  the  section 
size,  the  impact  resistance  is  also  affected  by  changing  casting  thick- 
ness. The  data  from  one  investigation  shown  in  Table  XX<115)  clearly 
indicate  that  for  Charpy  tests  of  several  sizes  and  spans  the  toughness 
decreases  with  increasing  cast  diameter  in  a similar  manner  as  the 
tensile  strength  is  decreased  by  increasing  thickness. 


TABLE  XIX— TYPICAL  IMPACT  RESULTS  ON  VARIOUS  TYPES  OF  GRAY  IRON.  ("<> 


Sample 

Tensile 

Strength, 

psi 

BHN 

A.B. 

Izod, 

ft.-lb. 

Transverse* 

Composition,  Percent 

Ladle 

Inoculation, 

Percent 

and 

Material 

Load, 

Lb. 

De- 

flec- 

tion, 

in. 

TC 

Si 

Mn 

Ni 

Cr 

Mo 

S 

P 

PLAIN 

GRAY 

IRON 

No.  1 

47  300 

262 

19 

4035 

0.09 

2.35 

2.26 

0.66 

0.10 

(0.1)* 

None 

No.  2 

67  800 

255 

42 

6595 

0.17 

2.26 

2.69 

0.66 

6.82 

1 NiSi 

No.  3 

36  100 

208 

21 

3800 

0.10 

2.76 

1.99 

0.61 

(0  1) 

(0  1) 

None 

No.  4 

53  100 

212 

32 

4985 

0.19 

2.76 

(2.3)* 

0.61 

(b./> 

(0.1) 

(0.1) 

1 NiSi 

No.  5 

43  700 

235 

22 

4210 

0.13 

2.93 

1.92 

1.0 

0.10 

0.04 

None 

No.  6 

50  300 

228 

40 

5110 

0.21 

2.93 

(2.3) 

1.0 

0.10 

0.04 

0.5  FeSi 

No.  7 

40  000 

228 

16 

3690 

0.10 

3.01 

1.66 

0.75 

0.10 

0.10 

None 

No.  8 

45  300 

215 

36 

4880 

0.17 

3.01 

(1.9) 

0.75 

0.10 

0.10 

0.4  FeSi 

No.  9 

51  700 

223 

41 

5160 

0.18 

3.01 

(1.8) 

0.75 

0.10 

0.10 

0.5  NiSi 

No.  10 

36  100 

203 

30 

4010 

0.16 

3.32 

1.85 

0.72 

0.09 

0.17 

None 

No.  11 

30  100 

187 

25 

3630 

0.17 

3.40 

2.54 

(1.0) 

(0.1) 

(0.1) 

None 

No.  12 

21  600 

158 

21 

2470 

0.17 

3.78 

2.42 

(1.0) 

(0.1) 

(0.1) 

None 

EFFECT  OF  PHOSPHORUS 

No.  13 

228 

20 

3100 

0.13 

3.67 

2.63 

0.57 

1.14 

(0.08) 

0.03 

None 

No.  14 

244 

20 

3200 

0.13 

3.67 

2.63 

0.57 

1.14 

(0.08) 

0.20 

None 

No.  15 

255 

16 

3200 

0.12 

3.67 

2.63 

0.57 

1.14 

(0.08) 

0.36 

None 

No.  16 

268 

11 

2950 

0.09 

3.67 

2.63 

0.57 

1.14 

(0.08) 

0.53 

None 

NICKEL  CHROMIUM  IRON 

No.  17 

51  600 

254 

37 

2790f 

0.24 

2.95 

2.0 

0.8 

2.25 

0.75 

0.5  FeSi 

No.  18 

37  750 

235 

37 

3680 

0.13 

3.14 

1.56 

0.66 

2.24 

0.62 

None 

No.  19 

41  000 

241 

37 

4380 

0.14 

3.22 

1.93 

(0  6) 

1.97 

0.75 

None 

No.  20 

32  500 

269 

32 

4000 

0.14 

3.29 

1.47 

0.42 

1.44 

0.85 

None 

No.  21 

39  300 

228 

30 

3890 

0.13 

3.44 

1.55 

0.63 

2.22 

0.98 

None 

NICKEL  MOLYBDENUM  IRON 

No.  22 

54  700 

255 

39 

5900 

0.16 

3.04 

2.07 

0.45 

2.03 

0.34 

1 FeSi 

No.  23* 

52  600 

78 

6200 

0.21 

3.06 

2.17 

0.62 

1.70 

0.62 

1 FeSi 

No.  24® 

67  000 

286 

71 

4500f 

0.53 

2.75 

2.45 

0.8 

1.65 

0.75 

0.75  FeSi 

No.  25* 

98  800 

402 

90 

4590  f 

0.34 

2.75 

2.20 

0.8 

2.0 

0.70 

0.80  FeSi 

▼Transverse  tests  made  on  12-in.  span,  except  where  indicated. 

tl8-in.  span. 

iParentheses  indicate  estimated  composition. 

•Acicular  Matrix. 
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TABLE  XX— THE  IMPACT,  TENSILE,  AND  TRANSVERSE  PROPERTIES  OF  THREE  GRAY  IRONS 
SHOWING  THE  EFFECT  OF  THE  CASTING  SECTION  AND  THE  VARIATION  IN 
PROPERTIES  WITHIN  THE  SECTION.  <115) 


IRON  A 

AS-CAST  BAR  DIAMETER 

IRON  B 

AS-CAST  BAR  DIAMETER 

IRON  C 

AS-CAST  BAR  DIAMETER 

0.6"  1 0.875"  | 1.2"  1.6"  2.1" 

0.6"  0.875"  1.2"  1.6"  2.1" 

0.6"  0.875"  1.2"  1 1.6"  2.1" 

Test 

Dia.,* 

In. 

0.375 

0.50 

0.75 

1.00 

1.125 

1.50 

Span 

In. 

1.5 
2.0 

3.0 

4.0 

4.5 

6.0 

2.8 

6.0 

2.5 

5.8 

20.0 

2.5 

5.7 

16.7 

45.5 

2.3 

4.7 

13.0 

38.3 

62.3 
144.3 

Che 

2.2 

3.8 

13.0 

33.3 

50.3 
116.5 

rpy  Imp 

1.5 

3.5 

act  Vali 

1.5 

4.2 

14.2 

es,  Ft- 

1.5 

3.5 
11.0 
32.5 

Lbs. 

1.5 

2.8 

9.5 

25.7 
33.3 

72.7 

1.0 

2.7 

9.5 

21.7 

27.7 
60.3 

1.0 

2.5 

1.0 

2.2 

6.8 

1.0 

2.3 

7.3 
18.7 

1.0 

2.3 

6.8 

16.2 

22.7 

52.0 

1.0 

2.2 

6.5 

15.0 

21.5 

54.0 

Dia.*of  Gage 
Length,  In. 
Values, 

1000  psi 

0.399 

46.2 

0.564 

48.0 

0.798 

40.5 

1.128 

35.4 

1.493 

36.7 

Ten 

0.399 

48.6 

ile  Stre 

0.564 

44.8 

ngth 

0.798 

39.0 

1.128 

35.8 

1.493 

36.7 

0.399 

44.8 

0.564 

40.1 

0.798 

37.0 

1.128 

32.0 

1.493 

32.5 

Bar  Span, 

In. 

Mod.  of 
Rupture, 

1000  psi 

Deflection, 

In. 

9 

69.5 

0.11 

12 

80.5 

0.18 

18 

77.7 

0.28 

18 

75.0 

0.26 

24 

71.3 

0.32 

Transv 

9 

82.0 

0.13 

erse  St 

12 

87.4 

0.18 

ength 

18 

87.2 

0.31 

18 

80.0 

0.27 

24 

75.0 

0.31 

9 

54.6 

0.09 

12 

67.6 

0.14 

18 

68.4 

0.21 

18 

64.5 

0.18 

24 

62.3 

0.26 

(3000/10) 

233 

224  | 

213 

202 

202 

Brinell  Hardness 

246  | 238  233 

220 

202 

256 

249 

242 

227 

221 

Total 

Carbon 

Silicon 

Manganese 

Sulphur 

Phosphorus 

2.98 

1.80 

0.57 

0.09 

0.06 

Chemical  Analysis,  % 

3.05 

1.82 

0.60 

0.09 

0.48 

2.94 

2.54 

0.65 

0.08 

0.91 

N0TES:f 

A typical  medium 
strength  gray  iron 
(class  40)  in  the 

1.2  in.  “B”  bar. 

Same  as  “A”  except  with 
a high  phosphorus  content 
which  is  evident  in  the 
lower  impact  strengths. 

The  higher  silicon  content  has 
lowered  the  strength,  and  more  so 
in  the  heavier  sections.  The  very 
high  phosphorus  content  has  ef- 
fected a further  reduction  in  the 
energy. 

It  is  evident  that  small  samples  taken  from  the  center  of  large  sections  are  not  represen 
Small  samples  from  small  sections  are,  however,  reliable. 

•Machined  centrally  to  the  as-cast  diameter. 

ative  of  the  properties  as  a whole. 
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X.  DAMPING  CAPACITY 

A.  MEASUREMENT  AND  EFFECT  OF  VARIABLES  . . . The  damping  capacity 
is  the  ability  of  a material  to  quell  vibrations  and  dissipate  the  energy 
as  heat,  or  simply  the  relative  ability  to  stop  vibrations  or  ringing*85). 
High  damping  capacity  is  a very  desirable  property  in  moving  parts 
and  structures  in  which  the  natural  period  of  vibration  could  cause 
stresses  considerably  in  excess  of  those  due  to  direct  loading*84*.  Since 
gray  iron  possesses  outstanding  damping  capacity,  it  is  ideal  for  bases 
and  supports  as  well  as  moving  parts.  It  reduces  or  eliminates  parasitic 
vibration.  The  noise  level  of  a machine  operating  on  a gray  iron  base 
is  materially  reduced.  The  application  of  cyclic  stresses  to  gray  iron 
result  in  a stress-strain  diagram  of  the  type  shown  in  Figure  29.  The 
area  inside  the  curve  represents  the  amount  of  energy  dissipated  as 
heat  and  is,  therefore,  a measure  of  the  damping  capacity.  This  value 
is  frequently  reported  as  the  fraction  of  the  total  vibrational  energy 
lost  during  the  complete  cycle. 

No  standard  apparatus  is  employed  for  the  measurement 
of  damping  capacity.  Specimens  are  stressed  elastically  in  torsion  or 
bending  and  then  suddenly  released.  The  amplitude  of  the  successive 
vibrations  that  occur  are  recorded,  as  illustrated  in  Figure  30*129.13°.1S1). 
The  excellent  relative  damping  capacity  of  gray  iron  is  indicated  in 
this  figure. 


Fig.  29.  Hysteresis  Loop 
of  Metal  Under  Re- 
versed Stresses. 
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The  damping  capacity  of  gray  iron  is  influenced  to  some 
extent  by  the  conditions  under  which  vibrational  energy  is  applied. 
The  greater  the  magnitude  of  stress  during  vibration,  the  greater  the 
damping  capacity  for  most  metals.  The  influence  of  stress  level  on  the 
damping  capacity  of  several  metals  is  shown  in  Figure  31*132>.  The  ex- 
cellent damping  of  gray  iron  produced  by  the  flake  graphite  structure 
is  again  indicated.  This  damping  capacity  is  little  affected  by  either 
temperature,  vibrational  frequency,  or  stress  history*133'134). 


Fig-.  30.  The  Relative  Vibration  Damping  in  Three 
Materials*130). 


B.  EFFECT  OF  COMPOSITION  AND  STRUCTURE  ...  The  damping  capacity 
of  gray  iron  is  principally  determined  by  the  amount  and  type  (shape) 
of  graphite  flakes.  The  higher  strength  gray  irons  with  reduced 
amounts  of  graphite  exhibit  a lower  damping  capacity  at  any  applied 
stress*02).  The  relationship  between  damping  capacity  and  tensile 
strength,  as  shown  in  Figure  32ll34>,  indicates  the  sharp  reduction  in 
damping  capacity  as  the  strength  increases.  The  effect  of  increasing 
strength  level  on  damping  has  also  been  demonstrated  in  Figure  31. 

The  damping  capacity  of  gray  iron  is  excellent  compared 
to  other  cast  and  wrought  ferrous  metals.  This  fact  has  been  shown 
for  all  amplitudes,  frequencies,  and  types  of  stress  application  by  many 
investigators*59'04'129'130'131’135). 
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Fig.  31.  The  Per- 
cent Decrease  in 
Vibrational  Am- 
plitude per  Cycle 
at  Varying  Maxi- 
mum Stress  Lev- 
els for  Several 
Classes  of  Gray 
Iron  and  Mild 
Steel*132). 


10  20 
Stress,  1000  psi 


Relative  Damping,  Percent 

_ ro  co 

o o o o 

c 

10  20  30  40  50 

Tensile  Strength,  1000  psi 

60 

Fig.  32.  The  Gen- 
eral Relationship 
Between  Tensile 
Strength  and 
Damping  Capac- 
ity for  Gray  Iron 
(at  5,000  psi)<134). 
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XI.  ACOUSTIC  PROPERTIES 

The  acoustic  properties  are  closely  related  to  the  damping 
capacity  since  the  duration  of  sound  emanating  from  a vibrating 
metal  only  continues  for  the  actual  vibration  period  of  the  metal  part. 
The  acoustic  resistivity  increases  with  increasing  elastic  modulus  and 
specific  gravity  and  is  expressed: 

p = V.  E P 

where  /x  = acoustic  resistivity  in  104g-cm‘2-sec'1 
E=  modulus  of  elasticity  in  kg/mm2 
p = specific  gravity  in  g/ cm3 

The  acoustic  resistivity  is  listed  as  255  and  the  velocity  of  sound  waves 
as  12,000  feet  per  second  in  plain  gray  iron  (Critical  Tables).  Both  the 
acoustic  resistivity  and  velocity  of  sound  decrease  with  increasing 
temperature*136). 

XII.  WEAR  RESISTANCE 

A.  DEFINITION,  TYPES,  AND  MEASUREMENT  OF  WEAR  . . . Wear  is  de- 
fined as  the  mechanical  or  physical  disintegration  of  a surface  because 
of  moving  contact  with  another  material.  The  amount  of  wear  that 
occurs  is  even  more  dependent  upon  the  conditions  of  service  than  on 
the  properties  of  the  contacting  metals.  The  following  types  of  wear 
can  be  differentiated: 

1.  Frictional  wear  that  occurs  by  a welding  action  between 
two  metal  parts  in  sliding  contact*43). 

a.  Galling  is  severe  frictional  wear  and  the  result  of  con- 
siderable welding  between  the  two  surfaces  which 
causes  surface  damage  by  tearing. 

b.  Scuffing  is  a less  severe  frictional  wear  condition  pro- 
duced by  incipient  welding  between  the  two  surfaces 
and  causes  surface  damage  by  powdering  and/or  oxi- 
dation of  the  surface  metal. 

2.  Abrasion  produced  by  the  presence  of  hard  foreign  par- 
ticles such  as  small  metal  pieces  or  abrasive  materials. 

3.  Rolling  wear  in  which  two  surfaces  are  in  rolling  contact 
with  a minimum  of  gliding  friction  such  as  gear  teeth*138). 

4.  Corrosive  wear  that  occurs  in  the  presence  of  a corrosive 
medium  (discussed  under  “Corrosion  Resistance”). 
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The  various  types  of  wear  described  above  and  many  other 
\ariables,  such  as  lubrication,  temperature,  surface  smoothness,  pres- 
sure, relative  speed  of  motion,  superimposed  vibration,  and  the  nature 
of  the  materials,  combine  to  produce  a very  complex  subject*139'140.141). 
The  properties  of  gray  iron  result  in  a material  that  has  excellent  wear 
resistance  for  many  applications  where  the  proper  grade  is  used.  The 
superior  wear  resistance  of  gray  iron  is  indicated  by  the  comparative 
wear  attained  with  several  materials  sliding  against  hardened  steel, 
Figure  33<142h  However,  the  selection  of  the  best  iron  for  a given  appli- 
cation requires  a careful  consideration  of  the  many  variables  involved. 
It  should  be  emphasized  that  under  some  conditions  catastrophic  wear 
may  ensue  when  only  a small  amount  of  welding  or  abrasion  has 
occurred. 


Several  different  kinds  of  wear  tests  are  employed  to  dupli- 
cate various  conditions  of  wear.  One  of  these  is  a brake  shoe  test  in 


Fig.  33.  The  Wear  of  Several  Materials  Sliding  Against  Hard- 
ened SAE  52100  Steel  at  a Velocity  of  5000  Feet  per  Min- 
ute*142). 

Brass:  Cold  drawn,  65-35 
Bronze:  Cast,  82-7-7-3 
Ductile  Iron:  Type  80-60-03 

Gray  Iron:  Special  Piston  Ring  Iron:  3.95  T.C.,  2.95  Si,  .60  Mn, 
.60  P,  240  BHN 
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which  a specimen  shaped  as  a brake  shoe  is  pressed  against  a hardened 
rotating  drum*143*.  The  amount  of  wear  on  the  surface  of  the  specimen 
is  measured  under  standardized  conditions  to  indicate  the  relative 
wear  resistance.  In  other  tests,  a flat  specimen  is  pressed  against  the 
outside  of  a rotating  disc  and  the  length  of  the  worn  incision  is  meas- 
ured(144),  or  the  specimen  is  pressed  against  the  flat  side  of  a rotating 
disc  and  the  depth  of  wear  is  determined.  Abrasive  wear  is  determined 
in  scoring  tests  with  abrasive  present  between  reciprocating  or  oscil- 
lating surfaces  and  by  rotating  a sample  in  a container  of  abrasive 
material,  dry  or  in  a slurry <145-140-147*.  Gear  manufacturers  frequently 
employ  rolling  tests  where  the  wear  is  measured  between  two  small 
test  rolls  that  are  rotated  under  pressure <148).  Various  percentages  of 
slippage  can  also  be  incorporated  into  this  latter  type  of  test  (Amsler) 
by  having  appropriate  differences  in  the  test  roll  diameters. 

B.  CORRELATION  WITH  OTHER  MECHANICAL  PROPERTIES  ...  A direct 
correlation  between  wear  resistance  and  any  single  other  mechanical 
property  has  not  been  found.  Brinell  hardness  has  been  successfully 


Fig.  34.  The  Ef- 
fect of  Hardness 
on  the  Sliding 
Wear  Rate  for  a 
Gray  Iron  Con- 
taining 3.26  % 
Carbon  and  2.64% 
Silicon*150). 
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TABLE  XXI— A COMPARISON  OF  MODELL  NUMBERS  FOR  SEVERAL  MATERIALS.  054) 


Material 

Microstructure 

Graphite 
by  Vol. 

Elastic  Modulus 

E x 10*6psi 

Brinell 

Hardness 

Modell* 

Number 

Gray  Iron 

Pearlite 

10% 

12 

200 

17 

Malleable  Iron 

Pearlite 

10% 

26 

200 

8 

Steel 

Pearlite 

0 

29 

200 

7 

Hardened  Gray  Iron. 

Martensite 

10% 

18 

590 

33 

Hardened  Steel 

Martensite 

0 

29 

610 

21 

*Modell  Number  = 


Brinell  Hardness  Number 
Elastic  Modulus  x 10'6psi 


used  as  a quality  control  test  under  standardized  conditions  for  ap- 
proximately the  same  type  of  gray  iron'143'.  However,  hardness  may 
not  be  accurate  in  predicting  the  wear  resistance  of  different  types  of 
irons  or  similar  irons  under  different  wear  conditions'149'.  The  ob- 
served influence  of  hardness  on  the  sliding  wear  of  gray  iron  is  shown 
in  Figure  34'150'.  Under  the  conditions  of  this  test  the  wear  resistance 
is  not  significantly  affected  above  approximately  250  BHN.  Similar 
behavior  has  been  observed  by  other  investigators'149'153'  for  sliding 
friction.  As  a general  rule  gray  iron  attains  more  favorable  wearing 
properties  above  200  BHN'152'.  It  has  also  been  shown  that  the  relative 
hardnesses  of  two  sliding  parts  affect  the  wear  in  sliding  contact,  since 
the  penetration  of  one  material  into  another  is  influenced  by  the  dif- 
ference in  hardness'149-153'. 


On  the  basis  of  the  present  theory  that  wear  is  produced 
by  the  welding  and  shearing  of  contacting  high  areas  on  two  sliding 
surfaces,  the  concept  of  “Modell”  has  been  introduced'154'.  Modell  is  the 

BHN 

ratio  of  the  BHN  to  the  elastic  modulus  in  million  psi,  i.e.,  =• 

Ex  10-6 

By  assuming  that  the  BHN  is  proportional  to  the  yield  strength  of  the 
material,  this  concept  provides  a quantitative  indication  of  the  de- 
formation the  material  can  endure  without  exceeding  the  elastic  limit. 
Accordingly,  a metal  that  deforms  elastically  at  relatively  low  stresses 
and  resists  plastic  deformation  with  a high  BHN  has  good  wear  prop- 
erties. The  relative  properties  and  Modell  values  of  ferrous  metals  are 
shown  in  Table  XXI'154'.  Gray  iron  has  a higher  Modell  number,  indica- 
tive of  better  wear  resistance  in  both  the  soft  and  hard  condition. 

The  load  carrying  capacity  of  any  material  under  sliding 
friction  is  limited  by  seizure  or  welding  of  particles  in  each  sliding 
part'145'.  An  oil  film  is  maintained  between  the  sliding  pieces  to  prevent 
this  seizure  but  this  film  will  break  down  in  spots  if  too  great  a pres- 
sure is  exerted  between  the  two  parts.  A series  of  tests  run  at  increas- 
ing pressure  during  lubricated  reciprocating  sliding  did  not  show  any 
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Fig.  35.  A Rela- 
tion Between 
Graphite  Distri- 
bution  and 
WeardBS). 


correlation  between  hardness  and  the  greatest  pressure  that  could  be 
supported  without  seizure.  It  was  observed,  however,  that  a micro- 
structure of  medium  graphite  flakes  and  a fine  pearlite  matrix  pro- 
vides the  best  resistance  to  seizure*145*. 

The  hardness  of  sliding  parts  is  very  significant  in  abrasive 
wear.  Abrasives  such  as  dust,  chips,  and  other  particles  frequently  get 
between  sliding  surfaces  and  can  produce  very  rapid  wear  by  becoming 
embedded  in  the  gray  iron  surface.  An  iron  of  high  hardness  will  sub- 
stantially reduce  wear  and  scoring  when  abrasives  are  present  by  pre- 
venting the  abrasive  from  becoming  embedded  in  the  surfaces*14'".  For 
this  reason,  sliding  surfaces  subject  to  abrasive  wearing  conditions, 
such  as  on  machine  tool  ways,  may  be  hardened  by  a flame  or  induc- 
tion. The  mating  gibs,  which  are  adjustable  and  replaceable,  are  gen- 
erally left  unhardened. 

C.  EFFECT  OF  STRUCTURE  AND  COMPOSITION  . . . The  microstructure 
of  gray  iron  exerts  considerable  influence  on  the  wear  resistance.  The 
presence  of  graphite  improves  wear  and  galling  resistance,  but  the 
amount  and  shape  of  the  graphite  influences  this  resistance*31*.  Very 
fine  or  non-uniform  distribution  of  graphite  is  not  desirable  for  good 
wear  resistance.  The  influence  of  graphite  size  is  shown  graphically  in 
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Figure  35'lou>.  As  the  number  of  flakes  per  millimeter  increases  with 
increasing  fineness,  the  wear  increases  rapidly.  In  some  wear  cases, 
however,  an  average  graphite  distribution  is  preferable  to  very  fine 
or  very  coarse  graphite.  Random  distribution  is  definitely  prefer- 
able'42-150',  and  therefore,  segregated  graphite,  Types  B & E,  are  usu- 
ally undesirable  because  of  their  tendency  to  be  accompanied  by  a 
matrix  structure  containing  appreciable  soft,  free  ferrite.  A compre- 
hensive investigation'157*,  including  plain  and  alloy  irons,  as  well  as 
many  service  tests,  has  shown  the  superiority  of  Type  A (uniformly 
distributed  graphite)  over  Type  D (segregated  graphite)  in  wear 
resistance*152'158-159-100-!®!). 

The  matrix  structure  also  influences  the  wear  properties. 
Fine  pearlite  is  an  excellent  matrix  structure  for  good  wear  resistance 
in  many  applications'04-152).  Primary  ferrite,  the  soft  constituent  in  the 
matrix,  generally  reduces  wear  resistance  by  increasing  seizing  and 
galling'100'162'.  Therefore,  an  increased  amount  of  combined  carbon  in 
the  form  of  pearlite  usually  has  a beneficial  effect  on  the  wear  resist- 
ance of  gray  iron  as  shown  in  Figure  361103'.  Large  amounts  of  massive 
carbides  may  be  undesirable,  however,  in  sliding  parts'104'. 

Generally,  alloying  elements  that  increase  hardness  either 
by  going  into  solution  in  the  ferrite  or  by  forming  carbides  will  de- 
crease wear'143'.  Chromium,  molybdenum,  and  vanadium  improve  the 
wear  resistance  by  increasing  the  combined-carbon  content  and  hard- 
ness of  the  matrix  structure'14'.  The  amount  of  improvement  will  de- 
pend upon  the  base  iron,  the  casting  section,  and  service  application. 


Fig.  36.  Influence 
of  Combined  Car- 
bon on  Wear  of 
Gray  Iron  When 
in  Contact  with 
Gray  Iron  of  180 
BHN  and  0.46% 
Combined  Carbon 
Content  When 
Sliding  at  1600 
Ft.  per  Min.  Un- 
der a Load  of  12 
Lbs.  per  Sq. 

In.d63)_ 
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Fig.  37.  Photomicrograph 
of  Gray  Iron  Showing  the 
Phosphide  Carbides  (Stea- 
dite)  Which  Result  from  a 
Higher  Phosphorus  Con- 
tent. Magnification:  200X 
Nital  Etched. 

Copper  and  nickel 
have  little  influence 
on  wearing  qualities, 
but  when  used  with 
chromium  or  molyb- 
denum in  a balanced 
addition,  help  to  im- 
prove the  wear  re- 
sistance considerably (127'139>1B5-1(i8).  Silicon  increases  wear  resistance 
by  hardening  the  ferrite,  but  decreases  wearing  qualities  and  the  hard- 
ness of  the  iron  by  reducing  the  amount  of  combined  carbon.  If  the 
amount  of  combined  carbon  in  the  matrix  is  maintained,  additions  of 
silicon  will  increase  the  wear  resistance.  Phosphorus  generally  in- 
creases the  wear  resistance  by  forming  hard,  slender  areas  of  steadite 
throughout  the  iron  as  shown  in  Figure  37.  European  and  American 
work  has  shown  that  a phosphorus  content  of  approximately  0.40  to 
0.60%  is  desirable  for  good  wear  resistance  in  softer  gray  irons,  par- 
ticularly those  with  lower  combined  carbon,  as  illustrated  in  Figure 
38<138>. 

Special  high-alloy  cast  irons  furnish  excellent  wear  and 
corrosion  resistance  under  very  severe  conditions.  These  irons  are  dis- 
cussed in  the  section,  “White  and  High  Alloy  Irons.” 


Fig.  38.  The  Ef- 
fect of  Matrix 
Structure  and 
Phosphorus  Con- 
tent on  the  Wear 
of  Gray  Irons  in 
Contact  with  the 
Edge  of  a Steel 
Disced. 

The  amount  of 
wear  is  indicated 
by  the  length  of 
the  contact  that 
was  developed. 
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D.  COEFFICIENT  OF  FRICTION  (DRY)  . . . When  gray  iron  is  in  sliding 
contact  with  steel,  the  coefficient  of  friction  is  virtually  independent 
of  the  type  of  steel  <lti7>.  The  coefficient  of  friction  at  400  psi  pressure 
is  reported  as  0.165  and  this  decreases  to  0.126  at  850  psi  pressure.  A 
series  of  tests  were  conducted  to  measure  the  dry  kinetic  friction  of 
gray  iron  against  hardened  steel  at  2 psi  pressure  and  a number  of 
different  velocities.  The  results  of  this  work  show  first  an  increase 
then  a decrease  in  the  coefficient  as  the  velocity  increases*142'. 


XIII.  HIGH  TEMPERATURE  PROPERTIES  OF  GRAY  IRON 

The  service  provided  by  gray  irons  at  elevated  tempera- 
ture depends  on  a number  of  related  properties.  These  properties 
include  the  growth  and  oxidation  characteristics,  thermal  shock  re- 
sistance, influence  of  cyclic  temperatures,  creep  and  stress  rupture 
strength,  high  temperature  fatigue  strength,  and  general  effect  of 
temperature  on  the  mechanical  properties  necessary  for  a given  appli- 
cation. The  influence  of  temperature  on  several  of  the  mechanical 
properties  has  been  discussed  in  the  preceding  sections.  The  proper- 
ties more  specifically  related  to  elevated  temperature  service  are  de- 
scribed in  this  part. 

A.  GROWTH  OF  GRAY  IRON  . . . The  growth  of  gray  iron  is  defined 
as  the  permanent  increase  in  volume  which  occurs  after  prolonged  ex- 
posure to  elevated  temperature  or  repeated  cyclic  heating  and  cool- 
ing. Growth  may  result  from  one  or  a combination  of  three  causes: 
first,  the  expansion  which  accompanies  the  decomposition  of  carbides 
to  graphite;  second,  the  expansion  that  ensues  from  internal  oxida- 
tion of  the  iron ; and  third,  expansion  through  the  occurrence  of  fine 
cracks,  called  “crazing.”  These  cracks  may  result  from  repeated  heat- 
ing and  cooling  through  the  critical  temperature  range  because  of  the 
transformation  expansion  and  contraction  as  well  as  the  thermal 
stresses.  When  oxidation  is  accompanied  by  “crazing,”  the  rate  of 
oxidation  is  considerably  increased. 

A stable,  porous  structure  that  is  permeable  to  oil  and 
suitable  for  use  in  oil-less  bearings  can  be  produced  by  repeatedly 
heating  and  cooling  gray  iron,  so  as  to  induce  growth.  The  resulting 
structure  has  appreciable  tensile  strength  (23,000  to  27,000  psi)  and 
eliminates  machining  difficulties  encountered  with  sintered  powder 
materials  <179>. 


1.  Influence  of  Composition  on  Growth:  Most  gray  iron 
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castings  contain  combined  carbon  in  the  form  of  pearlite.  If  unalloyed 
irons  are  subjected  to  temperatures  in  excess  of  900°F,  the  iron  car- 
bide tends  to  decompose  fairly  rapidly  into  ferrite  and  graphite' 188 b 
The  latter  two  phases  have  a considerably  larger  specific  volume.  For 
example,  an  iron  with  a pearlitic  matrix  and  0.70  combined  carbon 
would  expand  1.3%  in  volume  if  the  iron  carbide  in  the  pearlite  were 
completely  decomposed  to  ferrite  and  graphite  by  annealing  or  elevated 
temperature  service'100'.  The  occurrence  and  rate  of  growth  will  de- 
pend on  such  service  conditions  as  temperature  and  atmosphere  as 
well  as  the  alloy  content  and  amount  of  combined  carbon  in  the  iron. 

The  growth  of  a completely  pearlitic,  unalloyed  gray  iron 
at  930  °F  is  approximately  1.8  x 10-°  inch  per  inch  per  hour  in  air'170h 
The  influence  of  the  amount  of  combined  carbon  on  the  linear  growth  at 
1200°  due  to  graphitization  without  oxidation  is  shown  in  Figure  39 


Fig.  39.  The  Influ- 
ence of  Combined 
Carbon  on  the 
Growth  of  Gray 
Iron  in  a Vacu- 
um at  1 200  0 F 
(650°C)(171). 
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Fig.  40.  The  Influ- 
ence of  Chromium 
Content  on  the 
Growth  of  Gray 
Iron  Resulting 
from  Cyclic  Heat- 
ing to  1472°F 
(800°C)(174>. 


for  tests  conducted  in  a vacuum*171).  Unalloyed  irons  with  the  highest 
combined  carbon  undergo  the  most  rapid  growth.  Investigations  of 
irons  of  different  compositions  at  1290 °F  have  resulted  in  the  follow- 
ing empirical  equation  for  unalloyed  irons*172) : 

% Linear  Growth  = 0.32  - 0.21  (%Mn)+0.13  (%Si)  -0.73  (%P) 

Silicon  increases  the  rate  of  growth  because  it  promotes 
graphitization,  while  both  manganese  and  phosphorus  act  as  carbide 
stabilizers  and  decrease  the  growth.  However,  silicon  contents  over 
4%  retard  growth  and  these  types  of  iron  are  discussed  in  the  White 
and  High  Alloy  Iron  Section.  Irons  with  a lower  carbon  equivalent  are 
more  resistant  to  growth  because  of  increased  carbide  stability*168). 

The  carbide-stabilizing  alloys,  particularly  chromium,  ef- 
fectively reduce  growth  in  gray  iron,  but  these  alloys  are  not  required 
for  most  applications  under  850°F*1B8>.  Growth  is  not  a problem  below 
750  °F  except  in  the  presence  of  superheated  steam  where  it  can  occur 
in  coarse  grained  irons  at  600°F.  Small  amounts  of  chromium,  molyb- 
denum, and  vanadium  will  produce  a marked  reduction  in  growth  at 
the  higher  temperatures*15’43'173).  The  influence  of  chromium  in  reduc- 
ing growth  in  gray  iron  at  1472°F  is  shown  in  Figure  40<174).  Chro- 
mium is  the  most  effective  of  these  elements  and  is  frequently  used  in 
combination  with  molybdenum,  copper,  or  nickel.  Nickel,  or  in  some 
cases  copper,  is  added  to  reduce  the  chilling  tendency  of  chromium  on 
gray  iron  and  maintain  machinability<168>.  Copper  and  nickel  are  graph- 
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itizing  elements  and  do  not  exert  a beneficial  effect  on  growth.  Small 
amounts  of  boron  and  titanium  are  effective  in  reducing  growth'175*. 

2.  Effect  of  Internal  Oxidation  on  Growth:  Internal  oxida- 
tion occurs  in  gray  iron  and  increases  growth  only  at  temperatures 
above  1200°F.  The  occurrence  of  this  internal  oxidation  depends  on 
the  atmosphere  existing  and  is  much  more  prone  to  ensue  under  oxi- 
dizing conditions'170*.  The  composition  of  the  gray  iron  exerts  a marked 
effect  on  the  rate  of  internal  oxidation.  Phosphorus  assists  in  form- 
ing an  adherent  scale  and  reducing  oxidation'170*.  Chromium  reduces 
growth  both  by  preventing  decomposition  of  the  carbides  and  by  re- 
sisting internal  oxidation.  The  gain  in  weight  is  a research  method 
used  for  the  determination  of  the  extent  of  oxidation  and  indicates 
clearly  in  Figure  41,177>  that  chromium  is  effective  in  reducing  oxida- 
tion. Titanium  additions  reduce  the  oxidation  of  gray  iron,  although 


0 20  40  60  80  100  120 

Exposure  Time,  Hours 


Fig.  41.  The  Influ- 
ence of  Chromium 
Content  on  the  Oxi- 
dation of  Gray  Iron 
at  1472°F  (800°C) 
as  Indicated  by 
Gain  inWeight'177*. 
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not  as  effectively  as  chromium.  High  silicon,  nickel,  and  aluminum 
additions  to  gray  iron  are  very  effective  in  improving  oxidation  resist- 
ance as  discussed  in  the  White  and  High  Alloy  Irons  Section. 

B.  SCALING  OF  GRAY  IRON  ...  In  addition  to  the  internal  oxidation 
that  contributes  to  growth,  a surface  scale  forms  on  plain  gray  iron 
after  long  periods  at  sufficiently  high  temperature.  The  scale  formed 
in  air  consists  of  a mixture  of  iron  oxides*171).  The  important  factor  in 
scale  formation  is  whether  the  scale  is  the  adherent  and  protective 
type  or  the  flaking  or  cracking  type  that  permits  continued  oxidation 
of  the  iron. 

Investigations  in  this  field  usually  measure  the  relative 
amount  of  scaling  by  the  increase  in  weight  of  the  specimen  so  that 
the  criterion  is  the  absorption  of  oxygen  rather  than  the  final  scale 
composition.  The  removal  of  the  scale  causes  a decrease  in  weight  of 


Fig-.  42.  The 
Scaling-  of  a 
Gray  Iron  in 
Air  at  lGSCPF 
(900°C)(171). 
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the  original  specimen,  since  the  oxidized  iron  is  removed  with  the  scale. 
Of  course,  an  adherent  scale  is  associated  with  a gradually  diminish- 
ing rate  of  increase  in  weight,  whereas  a loose  or  cracked  scale  permits 
a continually  rapid  gain  in  weight.  The  graph  in  Figure  42<m>  indi- 
cates the  weight  increase  from  scaling  and  decreased  weight  of  the 
gray  iron  specimen  after  scale  removal. 

The  amount  of  scaling  or  gain  in  weight  that  occurs  in 
gray  iron  depends  upon  the  temperature  and  atmosphere  during  serv- 
ice and  upon  the  analysis  of  the  iron.  The  influence  of  temperature  and 
alloy  content  on  the  scaling  is  demonstrated  by  the  curves  in  Figure 
43 (i78) _ High  chromium,  silicon  and  aluminum  contents  reduce  scaling 
in  a similar  manner  as  these  alloys  reduce  internal  oxidation.  An 


1400  1600  1800  2000 

Scaling  Temperature,  °F. 


Fig.  43.  Comparative  Scaling  of  Four  Cast  Irons  After  200  Hours  at 
Temperature  in  Air(I78). 

Iron  Type  Chemical  Analysis,  Percent 


TC 

Si 

Mn 

P 

Ni 

Cr 

Cu 

A 

Low  Si  Gray  Iron 

2.98 

1.14 

1.07 

0.18 

— 





B 

Ni  Cr  Gray  Iron 

3.45 

1.64 

1.03 

0.15 

1.18 

0.92 



C 

Ni-Resist 

2.74 

1.93 

0.89 

0.04 

14.62 

2.11 

7.16 

D 

Nicrosilal 

1.78 

4.63 

0.91 

0.10 

22.46 

2.52 

— 
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adherent  and  protective  scale  that  is  higher  in  these  protective  alloys 
than  the  base  iron  is  formed  at  high  temperatures  and  oxidizing  at- 
mospheres(1‘4).  Only  a slight  reduction  in  scaling  was  found  as  a result 
of  vanadium  additions  to  gray  iron(in'170).  Sulphurous  atmospheres 
exert  an  effect  that  is  similar  to  oxidizing  atmospheres,  and  the  best 
resistance  is  also  exhibited  by  the  alloy  irons.  Conditions  of  use  vary 
over  such  a wide  range,  that  it  is  necessary  to  consider  each  individual 
case  separately  to  select  a suitable  iron. 


Analysis:  3.19%  TC,  0.85%  CC,  1.66%  Si,  0.91  % Mn,  0.09%  S,  0.08%  P. 
Tensile  Strength:  42,000  psi. 


C.  CREEP  OF  GRAY  IRON  . . . Creep  is  defined  as  the  flow  or  plastic 
deformation  of  metals  at  long  periods  of  time  at  stresses  lower  than 
the  yield  strength.  Creep  tests  are  generally  conducted  at  elevated 
temperatures  since  room-temperature  creep  of  structural  materials 
occurs  at  an  extremely  slow  rate.  Gray  iron  can  grow  at  elevated 
temperatures  without  the  application  of  external  stress  (See  Section 
A)  so  that  the  measured  increase  in  length  of  a gray  iron  is  the  sum 
of  the  growth  from  metallurgical  reasons  and  the  mechanical  elon- 
gation from  creep.  The  percent  strain  or  creep  of  a 42,000  psi  tensile 
strength  unalloyed  iron  subjected  to  various  applied  tensile  stresses 
at  930°F  is  illustrated  in  Figure  44a,170).  The  lowest  curve  marked 
“Growth”  corresponds  to  creep  at  zero  applied  stress.  The  creep 
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TABLE  XXII:  SHORT-TIME  CREEP  UNDER  COMPRESSION  AT 
U10°F  (600°C)  FOR  A GRAY  IRON  OF  36,300  PSI 
TENSILE  STRENGTH  <’ so) 


STRESS, 

psi 

TIME, 

hours 

PERMANENT  STRAIN, 
Percent 

4,260 

4 

0.1  1 

5,680 

4 

0.18 

7,100 

4 

0.30 

8,520 

4 

0.50 

9,940 

2 

0.62 

1 1,360 

2 

0.90 

TABLE  XXIII:  COMPRESSIVE  STRESS  CREEP  RATES  AT  750°F  (400°C) 
FOR  FIVE  ALLOY  GRAY  IRONS  (>8i) 


Compressive 

Stress, 

psi 

Time  at 
750°F, 
Hours 

750°F  Creep  Rates,  In.  per  in.  per  hr.  x 108 

Iron  A 
(Cu) 

Iron  B 
(Mo) 

Iron  C 
(Cu-Mo) 

Iron  D 
(Cu-Cr) 

Iron  E 
(Si-Cr-Mo) 

(1,000 

20 

19 

45 

31 

25 

20,000 

■I  2,000 

10 

12 

24 

12 

22 

[2,500 

7.0 

1 1 

22 

9.0 

20 

("1,000 

17 

8.0 

25 

20 

13 

15,000 

2,000 

9.0 

5.5 

19 

7.2 

10 

[2,500 

8.0 

5.0 

14 

4.5 

9.0 

(1,000 

1 1 

1.5 

14 

10 

4.5 

1 0,000 

(2,000 

4.5 

1.3 

8.0 

5.0 

2.8 

[2,500 

4.5 

1.3 

7.0 

4.0 

2.6 

(1,000 

5.2 

0.2 

4.0 

0.8 

1.2 

5,000 

( 2,000 

3.0 

0.2 

3.5 

0.7 

1.0 

[2,500 

3.0 

0.2 

3.5 

0.7 

1.0 

PROPERTIES  AND  COMPOSITION 

Tensile  Strength  

47,000* 

55,500 

64,000 

56,000 

43,300 

Hardness,  Brinell 

235 

255 

269 

285 

207 

Bar  Diameter 

1" 

.875" 

1.2" 

.875" 

.875" 

Composition, 

Percent 

Total  Carbon 

2.91 

2.92 

2.80 

2.89 

2.90 

Combined  Carbon 

1.06 

1.26 

0.84 

1.09 

0.48 

Silicon. . . 

1.34 

1.24 

1.17 

1.41 

4.08 

Manganese 

0.93 

1.00 

1.01 

0.91 

1.05 

Copper. . 

0.31 

1.51 

1.36 

Chromium 

.... 

0.82 

1.26 

Molybdenum 

. . . 

0.51 

0.41 

. • . 

0.91 

Phosphorus 

0.08 

0.10 

0.07 

0.08 

0.1  1 

Sulphur. . 

0.1  1 

0.10 

0.1  1 

0.09 

0.13 

*ln  relation  to  other  data  this  is  apparently  low. 
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curves  under  stress  show  a rapid  increase  in  strain  with  increasing 
stress  and  the  characteristic  initial  rapid  creep  rate,  followed  by  a 
prolonged  period  of  constant  creep  rate. 

Gray  irons  also  creep  under  compressive  stress  as  indi- 
cated in  Table  XXII(180>.  The  total  deformation  can  reach  relatively 
high  values  under  compression  without  failure. 

The  creep  of  gray  iron  is  appreciably  influenced  by  micro- 
structure and  composition.  An  unalloyed  gray  iron  with  a carbon 
equivalent  of  about  4%  can  usually  be  subjected  to  a tensile  stress 


Fig.  44b.  The  Minimum  Creep  Rates  at  800°F  for  Several  Gray  Irons082'. 


Curve 

A 

B 

C 

D 

Tensile  Strength,  psi 

63,000 

54,800 

47,700 

42,700 

Brinell  Hardness 

269 

255 

225 

217 

Chemical  Analysis,  % 
Carbon  Equivalent 

3.61 

3.82 

3.83 

3.87 

Total  Carbon 

3.06 

3.20 

3.31 

3.27 

Silicon 

1.79 

1.96 

1.56 

1.74 

Manganese 

0.70 

0.64 

0.68 

0.72 

Chromium 

0.61 

0.41 

0.08 

0.08 

Nickel 

0.04 

1.12 

0.08 

0.15 

Molybdenum 

0.84 

0.44 

0.73 

0.07 

Copper 

0.05 

0.10 

0.15 

0.12 

Vanadium 

— 

0.12 

0.02 

0.02 

Phosphorus 

0.04 

0.11 

0.19 

0.26 

Sulphur 

0.09 

0.09 

0.11 

0.16 
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of  10,000  psi  at  750°F  without  exceeding  a creep  of  1%  in  10,000 
hours'108'.  Low-alloy  irons  exhibit  even  less  creep  under  similar  con- 
ditions. Comprehensive  creep  tests  of  gray  iron  at  750°F  are  listed 
in  Table  XXIII'181). 

The  creep  rates  in  tension  at  800°F  for  several  gray  irons 
are  presented  in  Figure  44b<182>  as  a function  of  the  stress  level. 
Alloy  additions,  particularly  molybdenum,  exert  a beneficial  effect 
on  the  creep  resistance  at  high  temperatures.  The  best  results  were 
obtained  by  the  chromium-molybdenum  iron  followed  by  the  chro- 
mium-nickel-molybdenum-vanadium  iron  and  the  plain  molybdenum 
iron. 


Fig.  45a.  Time  to  Fracture  as  Influenced  by  Stress  and  Tem- 
perature(183). 


Stress  is  given  as  a percentage  of  the  actual  room  temperature 
tensile  strength.  This  relation  is  for  class  40  gray  iron  of  3.80% 
maximum  carbon  equivalent,  containing  0.5  to  0.7%  molyb- 
denum, and  0.3  to  0.5%  chromium. 


D.  STRESS  RUPTURE  BEHAVIOR  OF  GRAY  IRON  ...  In  some  types  of 
elevated  temperature  service,  the  permanent  deformation  by  creep 
can  be  ignored  where  the  important  criterion  is  the  prevention  of 
complete  failure  by  rupture  in  service.  Stress-rupture  tests  are  em- 
ployed to  evaluate  performance  in  such  cases.  The  results  of  stress- 
rupture  studies  on  a molybdenum-chromium  cast  iron  at  800°,  1000°, 
and  1200°F  are  shown  in  Figure  45a<183).  The  data  in  this  figure  are 
plotted  logarithmically  with  the  initial  stress  as  a percent  of  room- 
temperature  tensile  strength  versus  time  for  fracture.  Stress-rupture 
results  usually  follow  a straight  line  (on  a log-log  plot)  unless  a 
change  in  microstructure  occurs  during  testing.  The  time  required 
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TABLE  XXIV:  STRESS-RUPTURE  TESTS  AT  750°F  FOR  FIVE  ALLOY  GRAY  IRONS  <181) 


IRON* 

STRESS, 

In  Tension, 
psi 

TIME  TO 
FRACTURE, 
hours 

ELONGATION, 

(in  2 in.) 

Percent 

A 

50,200 

nominal 

0.63 

(Cu)  Class  45 

39,200 

1,075 

2.79 

37,000 

5,900 

3.80 

51,500 

nominal 

0.62 

B 

44,800 

64 

1.70 

(Mo)  Class  50 

42,600 

895 

1.95 

40,300 

5,000 

2.20 

c 

50,200 

nominal 

0.94 

(Cu-Mo)  Class  60 

35,800 

1 0,050 

3.40 

52,500 

nominal 

0.63 

D 

44,800 

23 

1.70 

(Cu-Cr)  Class  50 

44,800 

25 

2.10 

42,600 

215 

2.70 

40,300 

2,005 

2.75 

E 

37,400 

nominal 

1.80 

(Si-Cr-Mo)  Class  40 

33,600 

1,875 

3.00 

*Other  properties  and  compositions  are  given  in  Table  XXIII. 

tor  rupture  decreases  markedly  with  increasing  stress  as  shown  by 
the  stress-rupture  data  for  several  irons  in  Table  XXIV'181*. 

The  composition  and  treatment  of  the  gray  iron  exerts  a 
considerable  influence  on  the  stress-rupture  properties,  although  gray 
iron  generally  exhibits  good  stress-rupture  characteristics  compared 
to  many  other  materials*184*.  Molybdenum  in  excess  of  .40%  has  a 
favorable  effect  on  the  stress-rupture  characteristics'185).  The  in- 
fluence of  various  alloying  elements  on  the  stress-rupture  behavior 
of  gray  iron  at  800°F  is  demonstrated  in  Figure  45b(182>.  The  best 
properties  are  demonstrated  by  the  chromium-molybdenum  iron  fol- 
lowed by  the  other  molybdenum-containing  irons.  The  unalloyed  iron 
is  decidedly  inferior.  The  data  shown  in  Figures  44b  and  45b  were 
extrapolated  to  obtain  the  10-year  rupture  strength  of  these  irons  at 
800  °F  as  shown  in  Table  XXV<182>. 

The  testing  of  the  same  irons  at  1000 °F  resulted  in  rapid 
creep  rates  and  a sharp  decrease  in  stress-rupture  properties  at  ex- 
posure times  over  50  hours.  It  was  indicated  that  these  irons  were 
structurally  unstable  at  this  higher  temperature'182). 

The  thermal-shock  resistance  of  gray  iron  under  stress 
has  also  been  investigated  by  rapid  heating  and  cooling.  The  results 
of  these  tests  indicate  that  small  additions  of  both  molybdenum  and 
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The  identification  of  the  four  gray  irons  is  the  same  as  in  Fig.  44b. 


nickel  are  beneficial (182).  The  thermal  fatigue  endurance  limit  in  ten- 
sion at  800 °F,  as  reported  in  Table  XXV,  is  appreciably  lower  than 
the  ten-year  rupture  strength  for  the  same  irons.  These  tests  and 
the  many  successful  service  applications  demonstrate  the  good  ther- 
mal shock  resistance  of  gray  iron*188’186). 


TABLE  XXV:  THE  TEN-YEAR  RUPTURE  STRENGTH  AND  THERMAL  FATIGUE  ENDURANCE 
LIMIT  FOR  VARIOUS  GRAY  IRONS  AT  800°  F (,821 


ALLOY 

IRON* 

10-YEAR 
RUPTURE 
STRENGTH  AT 
800°F,  psi 

THERMAL  FATIGUE 
ENDURANCE  LIMIT 

IN  TENSION  AT 
800°F,  psi 

Chromium-molybdenum.  . 

A 

30,000 

17,500 

Molybdenum 

c 

25,000 

1 5,000 

Cr-Ni-Mo-V 

B 

25,000 

1 6,000 

Unalloyed 

D 

1 5,000 

12,500 

Nickel-Molybdenum 

* 

25,000 

1 8,000 

*Properites  and  Composition  as  in  Fig.  44b 
*58,800  psi  T.S.;  258  BHN;  1.56%  Ni;  0.58%  Mo. 
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E.  EFFECT  OF  TEMPERATURE  ON  OTHER  MECHANICAL  PROPERTIES  . . . 

1.  Tensile  Strength:  The  short-time  tensile  strength  of 
gray  iron  is  reduced  by  temperatures  over  700°F.  The  effect  of  tem- 
perature on  strength  was  shown  previously  in  Figure  26.  This  in- 
fluence of  temperature  on  short-time  tensile  strength  for  several 
plain  and  low-alloy  irons  of  various  strength  levels  is  illustrated  in 
Figure  46<187).  These  tests  were  conducted  with  sufficient  rapidity  so 
that  creep  was  not  a consideration.  The  reduced  strength  is  caused 
both  by  a softening  of  the  metal  at  high  temperatures  and  any  metal- 
lurgical alterations  that  occur.  The  changes  in  structure  also  in- 
fluence the  room-temperature  test  results  of  gray  iron  after  exposure 
to  high  temperatures.  The  effects  of  elevated  temperature  on  the 


Curve Equiv. TC CC Si Mn Ni Cr P S 

A 3.41  2.67  0.79  2.39  0.67  0.76  0.45  0.07  0.09 

B 3.74  2.96  0.73  2.53  0.78  0.96  0.02  0.06  0.11 

C 3.99  3.46  0.87  1.36  0.68  0.01  0.54  0.39  0.08 

D £03 3.63  0.73  1.15  0.54  0.03  0.03  0.17  0.09 
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short-time  tensile  strength,  ductility,  and  modulus  of  elasticity  of 
an  unalloyed  gray  iron  are  demonstrated  in  Figure  47  and  Table 
XXVI(170>.  Additional  short-time  tensile  properties  for  various  irons 
including  low  alloy  types  at  high  temperatures  are  contained  in  Table 
XXVII<181’188>.  The  increase  in  elongation  at  higher  temperatures  is 
apparent  from  the  tabular  data. 

2.  Modulus  of  Elasticity:  The  stress-strain  curves  for 
short-time  tensile  tests,  Figure  47,  indicate  a gradually  decreasing 
modulus  of  elasticity  at  elevated  temperatures.  This  reduction  in 
modulus  becomes  more  marked  at  temperatures  in  excess  of  800 °F. 
The  moduli  for  several  gray  irons  at  various  temperatures  are  listed 
in  Tables  XXVI'170)  and  XXVII<181>. 


Fig.  47.  Tensile 
Stress  - Strain 
Curves  to  Frac- 
ture at  Various 
Temperatures  for 
a Typical  Class 
40,  Unalloyed 
Gray  Iron'170*. 
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TABLE  XXVI:  THE  ELEVATED  TEMPERATURE  TENSILE  PROPERTIES  OF  A GRAY  IRON  070) 

(Analysis  as  given  in  Figure  47) 


PROPERTY 

TESTING  TEMPERATURE 

Room 

750°F 

840°F 

930°F 

Tensile  Strength,  psi 

42,000 

39,000 

38,000 

31,000 

Elongation,  Percent 

0.74 

1.23 

1.30 

1.75 

Modulus  of  Elasticity,  106  psi 

18.5 

18.0 

16.0 

15.5 

Brinell  Hardness  Number,  Determined 
at  room  temperature  after  testing 
at  temperature  indicated. 

Edge 

Center 

209 

215 

214 

215 

21 1 

214 

198 

215 

TABLE  XXVII:  SHORT-TIME  TENSILE  TESTS  AT  750°  F (’81) 


IRONa 

PROPORTIONAL1* 
LIMIT,  psi 

MODULUS  OFb 
ELASTICITY, 
psi  x 1 06 

FRACTURE  STRESS, 
psi 

ELONGATION, 
in  5 inches, 
Percent 

A 

12,600 

18.1 

50,200 

0.6 

B 

25,800 

19.9 

51,500 

0.6 

C 

19,300 

15.0 

50,200 

0.9 

D 

22,400 

16.5 

52,200 

0.6 

E 

14,300 

1 1.3 

37,400 

1.8 

a.  Other  properties  and  compositions  are  given  in 

b.  Coincident  straight  line. 

Table  XXIII. 

Fig.  48.  The  Com- 
pressive Proper- 
ties of  a Soft 
(Class  20)  Gray 
Iron  Tested  at 
Various  Tempera- 
tures(190). 

Chemical  analysis: 
3.52%  TC, 

1.58%  Si, 

0.72%  P. 


0 200  400  600  800  1000  1200  1400  1600 


Testing  Temperature,  °F. 
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Fig.  49.  The  Ef- 
fect of  Tempera- 
ture on  the  Brinell 
Hardness  of  Four 
Gray  Irons(187). 

The  analyses  are 
as  given  in  Fig. 
46. 


The  rigidity  of  gray  iron  at  elevated  temperatures  has 
been  determined  by  measuring  the  deflection  in  a cantilever  beam 
test  at  different  stresses.  This  world18”)  has  shown  that  deflection 
was  less  for  gray  iron  than  mild  steel  and  was  improved  in  gray  iron 
by  the  addition  of  phosphorus  and  silicon.  The  high  silicon  irons  were 
particularly  rigid  at  these  higher  temperatures. 

3.  Compressive  Strength  and  Hardness:  The  compressive 
strength  and  hardness  of  gray  irons  are  little  changed  up  to  approxi- 
mately 800°F,  but  decrease  rapidly  at  higher  temperatures.  The  effect 
of  higher  temperatures  on  the  compressive-strength  properties  of  a 
low-strength,  high-carbon  gray  iron'190'  is  illustrated  in  Figure  48. 
The  influence  of  temperature  on  the  Brinell  hardness'187*  is  demon- 
strated for  several  plain  and  low  alloy  irons  in  Figure  49. 

4.  Other  Properties:  The  influence  of  high  temperatures 
on  the  toughness,  fatigue  properties,  and  wear  resistance  have  been 
discussed  under  each  specific  property.  Thermal  cycling  may  well  re- 
duce these  properties  (in  service).  Room  temperature  properties  can 
be  reduced  by  cycling  between  room  and  elevated  temperatures  as 
demonstrated  by  the  data  in  Table  XXVIII'173*. 
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TABLE  XXVIII:  THE  EFFECT  OF  HEATING  150  TIMES  TO  1500°F  ON  THE 
TENSILE  STRENGTH  OF  SEVERAL  GRAY  IRONS  1173> 


ALLOYING  ELEMENTS 
ADDITIONS,  % * 

ORIGINAL 

TENSILE  STRENGTH, 
1,000  psi 

FINAL 

TENSILE  STRENGTH, 
1,000  psi 

— — 

37.5 

1 1.9  to  21.4 

0.1  0 Vanadium 

41.5 

16.2  to  31.1 

0.20  Zirconium 

32.5 

9.3  to  18.6 

0.20  Zr,  0.10  V 

34.0 

1 6.4  to  25.5 

1.50  Cu,  0.10  V 

40.5 

27.4  to  34.7 

0.20  Ti,  0.10  V 

37.5 

1 2.0  to  30.5 

*Base  composition:  3.1  5%  C,  1 .80%  Si,  0.60%  Mn,  0.1  2%  S,  0.1  4%  P. 

In  this  case,  several  low-alloy  and  plain  irons  were  cycled 
between  room  temperature  and  1500°F  for  150  times  and  then  tested 
at  room  temperature.  An  appreciable  reduction  in  properties  occurred 
with  this  thermal  treatment  because  of  the  permanent  metallurgical 
damage  to  the  iron. 

5.  Effect  of  Composition:  The  carbide-forming  elements, 
particularly  chromium  and  molybdenum,  enhance  high  temperature 
properties.  Silicon  and  phosphorus  also  improve  performance  at  ele- 
vated temperatures  in  many  cases.  However,  the  addition  of  high 
silicon  depends  on  the  particular  application  and  is  not  suitable  for 
some  uses (1 741 . The  deliberate  addition  of  phosphorus  is  usually  not 
desirable  because  higher  percentages  of  this  element  increase  the 
difficulty  of  obtaining  sound  castings  without  internal  porosity.  The 
properties  of  the  high-alloy  irons  are  described  in  a subsequent 
section. 


XIV.  PROPERTIES  OF  GRAY  IRON 
AT  LOW  TEMPERATURES 

Low  temperatures  exert  only  a slight  influence  on  the 
properties  of  gray  iron(191).  Tensile  strength  and  Brinell  hardness 
are  maintained  or  slightly  increased  at  sub-zero  temperatures.  Gray 
irons,  particularly  those  with  relatively  large  amounts  of  graphite, 
may  increase  in  tensile  strength  as  much  as  16%  when  lowered  from 
room  temperature  to  approximately  -150°F.  The  substantial  effect  of 
low  temperatures  on  Brinell  hardness  for  several  gray  irons  is  dem- 
onstrated in  Table  XXIX<192). 

A considerable  amount  of  data  have  been  obtained  on  the 
low-temperature  impact  properties  of  gray  irons  of  several  different 
microstructures(102>193).  Lower  temperatures  reduce  the  toughness 
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TABLES  XXIX:  THE  TENSILE  STRENGTH  AND  BRINELL  HARDNESS  OF  FIVE  SOFT  GRAY 
IRONS  AT  SUB-NORMAL  TEMPERATURES  I'92) 


GRAY  IRON,  NUMBER 

i 

2 

3 

4 

5 

Tensile  Strength,  psi 

At  75°  F (24°C) 

20,500 

31,100 

21,800 

1 8,000 

21,800 

At  — 4°F  ( — 20°CI 

21,800 

30,400 

22,400 

18,800 

22,300 

Change  from  75°  Strength.  . . 

+ 6.3% 

-2.3% 

+ 2.8% 

+4.5% 

+2.3% 

At  - 1 12°F  (—  80°C) 

24,200 

24,100 

Change  from  75°  Strength.  . . 

— 

.... 

+ 11.1% 

— 

+ 13.4% 

At  -150°F  (— 100°C) 

.... 

24,700 

20,900 

24,600 

Change  from  75°  Strength.  . . 

.... 

— 

+ 13.4% 

+ 16.2% 

+ 13.1% 

Brinell  Hardness  Number 

At  73°F  (23°C) 

134 

180 

151 

142 

164 

— 4 F { — 20°C) 

140 

171 

— 22°F  (—  30°C) 

-40°F  ( — 40°C) 

140 

147 

189 

151 

-76°F  (—  60°C) 

.... 

195 

153 

— 292°F  (-  180°C) 

.... 

199 

221 

Chemical  Analysis,  Percent: 

Total  Carbon 

3.56 

3.42 

3.64 

3.78 

3.42 

Graphitic  Carbon 

3.06 

2.35 

2.94 

3.26 

2.82 

Silicon 

1.80 

1.24 

1.81 

2.03 

2.17 

Manganese 

0.60 

0.56 

0.56 

0.86 

0.49 

Sulphur 

0.080 

0.103 

0.071 

0.071 

0.088 

Phosphorus 

0.527 

0.326 

0.509 

0.095 

1.084 

Fig.  50a.  The  Low  Temperature  Impact  Resistance  of  Alloy 
Gray  Irons  with  an  Acicular  Matrix  Microstructure<192>. 


Curve 

Chemical  Analysis, 

Percent 

TC 

Si 

Mn 

S 

P 

Ni 

Mo 

G 

3.03 

1.60 

0.55 

0.03 

0.03 

2.32 

0.35 

H 

3.17 

2.11 

0.50 

0.03 

0.03 

1.59 

0.75 

J 

3.06 

2.18 

0.46 

0.04 

0.04 

3.10 

0.54 
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Fig.  50b.  The  Low 
Temperature  Im- 
pact Resistance  of 
Unalloyed  and 
Low  Alloy  Gray 
Irons'192'. 


Chemical  Analysis,  Percent 


Curve 

TC 

Si 

Mn 

S 

P 

Ni 

Cr 

Mo 

Cu 

A 

3.20 

1.90 

0.69 

0.03 

0.04 

B 

2.91 

1.57 

0.87 

0.10 

0.04 

0.16 

0.10 

0.57 

0.11 

C 

2.89 

1.68 

0.54 

0.06 

0.04 

2.13 

D 

2.79 

3.06 

0.63 

0.02 

0.04 

E 

3.13 

2.31 

0.69 

0.14 

0.17 

F 

3.12 

1.92 

0.90 

0.08 

0.58 

gradually,  the  effect  being  more  pronounced  with  the  stronger,  acicu- 
lar  alloy-irons,  Figure  50a,  than  with  the  plain  and  low  alloy  irons, 
Figure  50b. 


XV.  PHYSICAL  PROPERTIES 

A.  ELECTRICAL  RESISTIVITY  . . . 

1.  Effect  of  Structure:  Electrical  resistivity  of  gray  iron 
is  generally  higher  than  that  of  other  ferrous  metals  because  of  the 
presence  of  graphite  flakes'194’195).  The  matrix  structure  of  the  iron 
also  influences  the  conductivity.  The  higher  resistivity,  in  addition  to 
the  good  oxidation  resistance  at  high  temperatures,  results  in  a metal 
that  has  excellent  properties  for  electrical  resistor  grids.  The  greater 
the  amount  of  graphite  present  and  the  coarser  the  graphite  flakes, 
the  higher  the  resistivity!31-196’197).  It  is  estimated  that  each  percent 
of  graphitic  carbon  will  increase  the  electrical  resistivity  from  10  to 
20  microhm-centimeter,  or  roughly  10  to  20  percent,  since  graphite 
has  a high  resistivity  of  3000  microhm-centimeter'196).  The  electrical 
resistivities  of  several  irons,  Table  XXX,  indicate  the  influence  of 
both  graphitic  carbon  and  silicon'198'.  The  influence  of  graphite  flake 
size  on  the  resistivity  is  illustrated  by  the  data  in  Table  XXXI'198). 


189 


PROPERTIES  OF  GRAY  IRON 


TABLE  XXX:  ELECTRICAL  RESISTIVITY  OF  SEVERAL  GRAY  IRONS  ('»«) 


CHEMICAL  ANALYSIS  AS-CAST,  % 

SPECIFIC  RESISTANCE 

Microhm -cm* 

Total 

Graphitic 

Carbon 

Carbon 

Silicon 

Manganese 

As-Cast 

Annealed 

3.66 

2.00 

1.33 

0.02 

78 

3.06 

1.71 

2.54 

0.02 

86 

75 

2.97 

1.72 

2.87 

0.03 

90 

79 

2.97 

1.80 

3.41 

0.03 

108 

99 

2.76 

1.88 

4.76 

0.05 

188 

131 

2.61 

2.52 

6.04 

0.09 

192 

191 

2.40 

2.30 

7.38 

0.10 

218 

214 

, . . Specific  resistance 

Microhms  resistance  = — ; Length  in  cm. 

Area  in  sq.  cm. 

TABLE  XXXI:  THE  INFLUENCE  OF  GRAPHITE  SIZE  ON  THE  ELECTRICAL 
RESISTIVITY  OF  GRAY  IRON.  The  various  graphite  sizes  were  produced 
by  pouring  a section-sensitive  iron  into  castings  of  varying  thickness.  0") 


Casting  Section 
(inches) 

Graphite 

Flake  Size 

Electrical  Resistivity 
Microhm — cm. 

3.0 

Coarse 

103.6 

2.1 

Medium-Coarse 

94.6 

1.2 

Medium 

91.4 

0.875 

Medium-Fine 

84.4 

0.6 

Fine 

77.4 

Annealing  the  irons  listed  in  Table  XXX  reduces  the  resistivity  in 
almost  all  instances,  since  the  resistivity  decreases  as  the  matrix 
structure  changes  from  martensite  to  pearlite  to  ferrite.  Both  auste- 
nite and  massive  cementite  exhibit  high  resistivity*1"). 

2.  Effect  of  Composition:  The  composition  of  the  gray 
iron  exerts  a considerable  effect  on  the  electrical  resistance.  Silicon 
increases  the  electrical  resistivity  of  iron11”7-200),  especially  in  higher 
carbon  irons,  Figure  51.  Other  elements  such  as  manganese  and 
aluminum  also  raise  the  electrical  resistivity  *24-B3-196-198-201>,  Figure  52. 

When  the  nickel  content  is  increased  sufficiently  to  pro- 
duce an  austenitic  matrix,  the  electrical  resistivity  is  substantially 
increased  to  values  of  130-160  microhm-centimeter(202).  Chromium, 
cobalt,  and  vanadium  decrease  the  resistivity  to  some  extent*83-196*. 
Copper  produces  a slight  increase  in  resistivity  to  a maximum  at  ap- 
proximately 1%.  Cu*85-203).  Increasing  the  phosphorus  content  in- 
creases the  resistivity  slightly*196-198). 

3.  Effect  of  Temperature:  The  electrical  resistivity  of  gray 
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Fig.  51.  The  Influ- 
ence of  Silicon 
Content  on  the 
Electrical  Resist- 
ance of  Gray 
Irons  with  Differ- 
ent Total  Carbon 
Contents(20u). 


0 1 2 3 4 5 6 7 


Silicon  Content,  Percent 


Fig.  52.  The  Influ- 
ence of  Three  Ele- 
ments  on  the 
Electrical  Resist- 
ance of  a Gray 
Iron<201). 
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Fig.  53.  The  Vari- 
ation of  Thermal 
Conductivity  with 
the  Silicon  Con- 
tent of  Gray  Iron 

(204). 


iron  increases  slowly  with  increasing  temperature.  The  temperature- 
coefficient  of  electrical  resistivity  is  approximately  0.00106  per  °F  for 
ferritic  and  pearlitic  gray  irons  and  approximately  0.00025  per  °F 
for  austenitic  irons  near  room  temperature'202*.  On  the  basis  of  data 
for  pure  iron  and  iron-silicon  alloys,  the  thermal  coefficient  should 
increase  with  increasing  temperature. 


B.  THERMAL  CONDUCTIVITY  . . . The  thermal  conductivity  of  plain 
gray  iron  at  room  temperature  is  approximately  the  same  as  many 
other  ferrous  materials,  ranging  from  0.110  to  0.137  calories  per 
square  centimeter  per  second  per  centimeter  thickness  per  degree 
Centigrade,  depending  on  the  structure  and  composition  <42'43-53-67.129*. 
(While  irons  with  good  thermal  conductivity  usually  have  good  elec- 
trical conductivity,  the  relationship  does  not  necessarily  follow  the 
Wiedemann-Franz  Law.)  Increasing  amounts  of  graphite  and  coarser 
graphite  flakes  reduce  the  conductivity'31*.  The  thermal  conductivity 
of  ferrite,  pearlite,  and  cementite  is  0.187,  0.124,  and  0.017  cal/cm2/- 
sec/cm/°C  respectively <53*.  Accordingly,  the  conductivity  is  higher  in 
ferritic  irons  than  pearlitic  irons,  and  definitely  lower  in  white  irons'04*. 

The  thermal  conductivity  of  gray  irons  is  influenced  by 
its  analysis.  See  Table  XXXII'53*.  Silicon'204*  and  aluminum'29*  lower 
the  thermal  conductivity  very  markedly.  The  effect  of  silicon  is  illus- 
trated in  Figure  53.  Phosphorus,  manganese,  and  the  carbide-forming 
elements  (molybdenum,  chromium,  and  tungsten)  reduce  the  thermal 
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TABLE  XXXII:  THERMAL  CONDUCTIVITIES  OF  A VARIETY  OF  MEDIUM  AND  HIGH 
STRENGTH  GRAY  IRONS  I53* 


TYPE  OF 

CHEMICAL  ANALYSIS, 

PERCENT 

THERMAL 

CONDUCTIVITY 

cal/cm2/cm/sec/°C 

GRAY  IRON 

TC 

Si 

Mn 

Ni 

Cr 

Mo 

Cu 

V/ 

100°C 

400 °C 

Class  40  -f-  Low  Si  . 

3.35 

0.65 

0.85 

0.135 

0.1 14 

Class  40  Cr 

3.17 

1.40 

0.97 

0.392 

0.131 

0.1  15 

Class  40  -f-  Ni 

3.16 

1.56 

0.94 

0.746 

0.108 

0.101 

Class  40  + W 

3.02 

1.89 

0.76 

0.475 

0.1  18 

0.105 

Medium  Strength  . . . 

3.20 

1.56 

0.72 

0.121 

0.108 

Med.  Strength  Cu 

3.18 

1.58 

0.69 

1.58 

0.1  12 

0.101 

Medium  Strength. . . . 

3.1  1 

2.26 

0.39 

. . . 

. . . 

0.1  1 1 

0.101 

Med.  Str.  -J-  Cr-Mo.  . 

3.1  2 

2.31 

0.39 

0.54 

0.77 

0.1  19 

0.109 

Low  Carbon 

2.61 

2.46 

0.45 

. . . 

. . . 

0.110 

0.100 

Class  50  + NiCr.  . . 

2.80 

2.51 

0.68 

1.71 

0.54 

. * . 

. . . 

0.101 

0.092 

High  Mn  -|-  Ni 

3.10 

2.51 

3.1  1 

1.00 

. . . 

0.106 

0.097 

Low  Carbon  -f-  Mo  . 

2.56 

2.20 

0.63 

0.58 

0.1  18 

0.108 

Class  45  + NiCr . . . 

3.41 

1.03 

0.65 

1.49 

0.54 

0.1  16 

0.106 

conductivity  slightly.  Copper  or  nickel  additions'203'205*  produce  a 
minimum  conductivity  at  concentrations  of  1 to  1.5%. 

The  thermal  conductivity  decreases  with  increasing  tem- 
perature for  plain  and  alloy  irons.  The  influence  of  temperature  on 
the  thermal  conductivity  of  several  types  of  plain  and  alloy  irons, 
including  high  strength  and  high  alloy  irons,  is  illustrated  in  Figures 
54a  and  b(204). 


Fig.  54a.  The  In- 
fluence of  Mean 
Temperature 
and  Alloy  Addi- 
tions on  the 
Thermal  Con- 
ductivity of  Two 
Gray  Irons'204*. 


Curve 

Chemical 

Analysis,  Percent 

TC 

Si 

Mn 

Cr 

Cu 

Mo 

A 

3.19 

1.57 

0.70 

— 

— 

— 

AA 

3.19 

1.57 

0.70 

— 

1.58 

— 

B 

3.12 

2.28 

0.38 

— 

— 

— 

BB 

3.12 

2.28 

0.38 

0.54 

- 

0.77 
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Fig.  54b.  Ther- 
mal Conductivi- 
ties of  Several 
High  Strength 
Gray  Irons*204'. 


Curve  C D 


TC  2.56  3.41 

Si  2.20  1.03 

Mn  0.63  0.65 

Ni  - 1.49 

Cr  - 0.54 

Mo  0.58  — 

Tensile  Strength,  psi  56,900  48,200 


Chemical  Analysis,  Percent 


| F G 


2.61  3.10  2.80 

2.46  2.51  2.51 

0-45  3.11  0.68 

100  1.71 

— — 0.54 

50,800  55,300  56,000 


C.  THERMAL  EXPANSION  . . . The  thermal  expansion  coefficient  of 
gray  iron  is  usually  reported  as  10  x 10-°  per  °C  or  approximately  6 
x 10-"  per  °F,  a value  only  slightly  lower  than  that  of  steel.  This 
value,  however,  changes  with  temperature,  microstructure,  and  com- 
position*43-64-129'.  The  expansion  coefficient  increases  with  increasing 
temperature  in  most  irons,  as  indicated  for  two  pearlitic  irons  in 
Table  XXXIII*39-200'  and  for  plain  and  low  alloy  gray  irons  in  Figure 
55<-"'».  The  thermal  expansion  of  martensitic  or  acicular  iron  is  usu- 
ally slightly  higher  and  similarly  influenced  by  increasing  tempera- 
ture102'. An  iron  with  a ferritic  matrix  generally  has  a higher  thermal 
expansion  coefficient  than  with  a pearlitic  matrix*208'.  Austenitic  gray 
iron  has  a comparatively  high  thermal  expansion  coefficient  of  ap- 
proximately 18  x 10-«  per  °C  up  to  1000°C.  Austenitic  irons  are  often 
used  in  combination  with  aluminum  alloys  since  their  expansion  co- 
efficients are  similar. 

With  the  exception  of  large  percentages  of  nickel,  alloying 
elements  do  not  greatly  influence  the  thermal  expansion  coefficient  of 
gray  iron.  Silicon,  aluminum,  and  copper  increase  the  expansion  co- 
efficient slightly  in  both  pearlitic  and  ferritic  gray  irons*208-209'.  Chro- 
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TABLF  XXXIII:  COEFFICIENT  OF  THERMAL  EXPANSION*  FOR  TWO  PEARLITIC 

GRAY  IRONS  (204) 


TEMPERATURE  RANGE 

°F 

°C 

68  to  212 

20  to  1 00 

68  to  392 

20  to  200 

68  to  572 

20  to  300 

68  to  752 

20  to  400 

68  to  932 

20  to  500 

68  to  1112 

20  to  600 

68  to  1292 

20  to  700 

-13  to  +32 

- 25  to  0 

— 58  to  - 13 

— 50  to  —25 

— 103  to  —58 

— 75  to  — 50 

— 148  to  — 103 

- 100  to  —75 

CHEMICAL  ANALYSIS,  PERCENT 

Total  Carbon 

Combined  Carbon 

Silicon 

Manganese 

Nickel 

Chromium 

Molybd 

enum 

Copper 

Phosphorus 

Sulphur 

IRON  A 
Per  F x 10-6  Per°C  x 10‘6 


5.6 
5.9 

6.6 
6.8 
7.2 
7.4 
7.6 


10.0 
10.7 
1 1.9 

12.3 
13.0 

13.3 
13.6 


3.13 

0.80 

2.31 

0.69 

0.12 

0.12 

none 

none 

0.67 

0.14 


IRON  B 

Per+  x 10-4 

Per°C  x 10-4 

5.6 

10.0 

6.1 

1 1.0 

6.6 

1 1.9 

7.0 

12.6 

7.3 

13.1 

7.5 

13.5 

7.6 

13.7 

5.6 

10.1 

5.4 

9.7 

4.8 

8.7 

3.7 

6.6 

3.02 
0.77 
1.57 
0.87 
0.16 
0.10 
0.57 
0.1  1 
0.17 
0.10 


♦Example:  A 100-inch  long  casting  heated  from  70  to  170°F  would  expand:  100"  (lenqth) 
v 100  F (change)  x 5.6  x 10-4  = 56,000  x 10-4  or  0.056". 


Fig-.  55.  The 
Variation  in 
Coefficient  of 
Thermal  Ex- 
pansion with 
Temperature 
for  Four 
Gray  Irons  as 
Compared  to 
Steel*207). 
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Iron  No. 


TC 


Mn 


Chemical  Analysis,  Percent 


Mo 


Ni 


3.25 

2.22 

0.59 

0.093 

3.32 

1.93 

0.44 

0.127 

3.26 

1.89 

0.43 

0.116 

3.14 

1.99 

0.40 

0.126 

0.091 

0.065 

0.064 

0.080 


0.37 

0.73 


1.41 
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mium  raises  the  thermal  expansion  coefficient  in  a pearlitic  matrix 
iron  somewhat  when  added  in  amounts  up  to  0.5%,  but  in  larger 
amounts  has  little  additional  influence.  Small  additions  of  nickel  have 
no  appreciable  effect*208' ; however,  large  additions  can  reduce  the 
thermal  expansion  to  very  low  values*210'.  Additional  data  is  given  in 
“Part  3,  The  Properties  of  White  and  High  Alloy  Irons.” 

D.  MAGNETIC  PROPERTIES  . . . The  magnetic  properties  of  cast  iron 
vary  considerably,  depending  upon  the  structure  and  composition. 
High  permeability,  low  coercive  force,  and  low  hysteresis  loss  can  be 
obtained  in  annealed  irons  with  a microstructure  of  ferrite  and  rela- 
tively coarse  graphite  flakes.  Low  permeability  and  high  coercive 
force  are  promoted  by  fine  graphite  and  fine  pearlite.  Massive  car- 
bides are  effective  in  producing  low  permeability.  Gray  irons  do  not 
compare  favorably  in  magnetic  properties  with  special  steels  for  per- 
manent magnets  or  with  silicon  steels  for  electrical  machinery.  How- 
ever, gray  irons  do  possess  the  following  advantages  over  steel : stress 
has  less  influence  on  magnetic  properties ; residual  magnetism  is  less 


0 10  20  30  40  50  60  70  80  90 

Magnetizing  Force,  H, (Oersteds) 


Fig.  56.  Magne- 
tization Curves 
for  Several  Gray 
Irons*211'. 


Curve 

No. 

Type 

Iron 

Chemical  Anc 

ilysis.  Percent 

Tensile 

Strength 

Brinell 

Hardness 

TC 

CC 

Si 

Mn 

i 

Class  25 

3.50 

0.50 

2.30 

0.70 

27,000 

215 

2 

Class  40 

3.00 

0.55 

2.00 

0.75 

43,000 

235 

3 

No.  2 Annealed 

26,000 

135 

4 

High  Si 

2.60 

0.80 

3.40 

0.40 

45,000 

. . . 

5 

No.  4 Annealed 

30,000 

6 

Very  Low  C 

1.14 

2.12 

0.54 

7 

Special 

3.38 

0.62 

1.65 

0.47 

45,000 

200 
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Fig'.  57.  Magnetic 
Hysteresis  Loops 
for  Three  Gray 
Irons  with  a 
Maximum  Induc- 
tion to  10  Kilo- 
gauss(211>. 

The  irons  are 
identified  in  Fig. 
56. 


affected  by  elevated  temperatures;  and  intricate  shapes  can  be  eco- 
nomically cast.  Accordingly,  gray  iron  castings  find  limited  use  where 
the  lower  flux  density  and  permeability  are  not  objectionable,  and 
aie  used  extensively  for  frames  of  motors,  generators,  and  miscel- 
laneous electrical  equipment. 

Some  typical  magnetization  curves  and  hysteresis  loops 
for  several  types  of  gray  iron  are  given  in  Figures  56  and  57<2n>  re- 
spectively. Both  the  as-cast  and  annealing  types  are  shown.  Anneal- 
ing results  in  higher  magnetic  induction  and  permeability,  Figure 
59'-"',  but  careful  control  and  slow  cooling  through  the  transforma- 
tion range  are  required  <212>.  The  permeability  curve  for  ferritic  iron 
is  considerably  steeper  than  for  pearlitic  irons.  The  permeability  of 
an  austenitic  iron,  1.05,  is  very  low  compared  to  a value  of  240  for 
feiritic  and  pearlitic  types(o3).  The  induction,  maximum  permeability 
and  the  remanent  magnetism  can  be  correlated  by  the  following 
equation*213* ; 

B/x  max  = 0.72  Br 

Where  B,<  max  is  the  magnetic  intensity  at  maximum  permeability 
Br  is  the  remanent  magnetization 

The  giaphite  does  not  influence  the  hysteresis  loss  but 
prevents  high  magnetic  induction  values.  However,  free  carbides  pro- 
duce low  induction  and  high  coercive  forces,  as  well  as  low  remanent 
magnetism  and  high  hysteresis  losses.  The  magnetic  saturation  value 
is  virtually  independent  of  the  form  and  distribution  of  the  graphite, 
but  in  ferritic  cast  irons,  fine  graphite  generally  leads  to  a higher 
coercive  force  than  coarse  graphite.  The  saturation  magnetization 
value  does  depend  on  the  amount  and  type  of  non-magnetic  (graphite) 
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or  only  mildly  magnetic  (carbide)  portions  in  the  structure.  The  effect 
of  varying  carbon  content  upon  the  saturation  magnetization  is  shown 
in  Figure  58'213'.  While  the  saturation  value  decreases  with  increas- 
ing carbon  content,  the  graphite  does  not  decrease  this  value  as 
sharply  as  combined  carbon  since  a given  amount  of  carbon  occupies 
a smaller  volume  in  the  structure  as  graphite  than  as  carbide. 

Alloying  elements  other  than  carbon  affect  the  magnetic 
properties  significantly.  The  effect  of  silicon  is  shown  in  Figure  59<214'. 
Up  to  5%  silicon  decreases  the  coercive  force  and  hysteresis  loss  in 
both  as-cast  and  annealed  gray  irons.  The  remanent  magnetism  de- 
creases with  lower  silicon  contents.  Phosphorus  produces  a very  slight 
decrease  in  saturation  magnetism.  Manganese  contents  over  1%  re- 
duce maximum  permeability,  magnetic  induction,  and  remanent  mag- 
netism'1"8'213-214’. Copper  increases  the  coercive  force  and  remanence, 
but  has  no  effect  on  the  saturation  magnetism'213’214*.  Up  to  1%  chro- 
mium decreases  the  magnetic  induction  and  remanent  magnetism,  and 
increases  the  coercive  force (212’214).  Aluminum  additions  to  as-cast  gray 
iron  decrease  the  magnetic  induction,  permeability,  and  remanence,  and 
increase  the  coercive  force  and  hysteresis  loss.  Aluminum  exerts  a 
similar  effect  on  the  magnetic  properties  of  annealed  cast  iron  in 
amounts  up  to  1%,  but  larger  additions  cause  an  increase  in  the  in- 
duction and  permeability  and  a large  decrease  in  coercive  force  and 
hysteresis  loss'212'.  Cobalt  increases  the  magnetic  induction,  permea- 
bility, and  remanent  magnetism (198). 


Fig.  58.  The  Effect  of  Carbon  Contents,  Total  and  Graphitic,  on  the  Saturation  Mag- 
netization of  Gray  Iron'213'. 


198 


PROPERTIES  OF  GRAY  IRON 


Fig.  59.  The  Influence  of  Silicon  Content  on  the  Magnetic  Properties  of 
Gray  Iron  in  the  As-Cast  and  Annealed  Conditions'214). 
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Large  additions  of  nickel  exert  a profound  influence  on 
the  magnetic  properties  by  changing  the  matrix  to  austenite.  Below 
3%  nickel,  the  saturation  magnetism  is  virtually  unaffected,  but  over 
approximately  10%  nickel,  the  iron  becomes  non-magnetic  and  the 
permeability  nearly  vanishes  *198-213-214>.  These  high -nickel  irons,  de- 
scribed under  “White  and  High  Alloy  Irons,”  find  use  in  parts  requir- 
ing non-magnetic  properties.  Ferritic  iron  becomes  non-magnetic  at 
temperatures  above  the  critical  range,  since  the  matrix  has  been 
transformed  to  austenite.  As  the  ferritic  grain  size  increases,  the 
hysteresis  losses  decrease  slightly*212). 

E.  DENSITY  . . . The  density  of  gray  cast  iron  varies  from  0.25  to  0.28 
lbs.  per  cubic  inch  or  6.95  to  7.35  grams  per  cubic  centimeter  at  room 
temperature  <43-215>.  This  value  is  lower  than  that  of  steel  because  of 
the  presence  of  the  relatively  light  graphite  (2.255  g/cc)  in  the  struc- 
ture. Accordingly,  gray  iron  with  a lower  graphitic  carbon  content 
will  have  a higher  density*31-210).  The  density  of  gray  iron  also  varies 
with  temperature  because  of  thermal  expansion  and  may  undergo  a 
structural  change  at  higher  temperatures  that  will  influence  the 
specific  volume. 

Alloying  elements  influence  the  density  of  gray  iron,  either 
by  affecting  the  relative  amount  of  graphite  in  the  structure,  or,  in 
larger  amounts,  because  of  the  different  specific  gravity  of  the  addi- 
tion. Silicon  as  a graphitizer  increases  the  amount  of  graphitic  carbon 
and,  therefore,  reduces  the  density*217*.  Carbide  stabilizers  such  as 
chromium  and  molybdenum  reduce  the  percentage  of  graphite  and 
increase  the  density.  Aluminum,  in  large  amounts,  will  decrease  the 
specific  gravity  of  gray  iron*24). 


Fig.  60.  The  Spe- 
cific Heat  of  Two 
Irons  as  Influ- 
enced by  Temper- 
ature(219). 
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F.  SPECIFIC  HEAT  . . . The  specific  heat  of  gray  iron  is  approximately 
0.13  BTU/lb/°F  or  calories  per  gram  per  °C  near  room  tempera- 
ture1Since  the  value  of  specific  heat  is  an  average  of  the  values  for 
each  of  the  various  constituents,  it  will  vary  slightly  with  the  struc- 
ture. Annealing,  for  example,  will  produce  a slight  reduction  <218’219> 
because  the  specific  heat  of  graphite  is  less  than  that  of  iron  carbide. 
The  specific  heat  generally  increases  with  temperature  as  shown  in 
Figure  60<219>.  The  peak  at  approximately  1380 °F  is  caused  by  the 
transformation  of  the  iron  from  ferrite  to  austenite. 


XVI.  THE  CORROSION  RESISTANCE  OF  GRAY  IRON 

A.  FACTORS  INVOLVED  IN  CORROSION  . . . Ordinary  corrosion  is  es- 
sentially an  electrochemical  reaction  between  a metal  and  its  sur- 
roundings. When  iron  is  corroded  by  water  containing  dissolved  oxy- 
gen, a surface  layer  of  hydrated  iron  oxides  or  rust  is  formed.  The 
presence  of  salts,  acids,  organics,  or  alkalis  frequently  increases  the 
rate  of  corrosion.  Under  some  conditions,  cast  iron  will  form  an  ad- 
herent scale  or  rust  coating  that  markedly  reduces  the  rate  of  fur- 
ther attack.  However,  variations  in  metal  composition,  non-metallic 
inclusions,  surface  condition  of  the  iron  and  adherency  of  the  scale, 
as  well  as  differences  in  the  concentration  and  velocity  of  the  sur- 
rounding medium,  can  produce  an  irregular  attack  and  eliminate  the 
effectiveness  of  a protective  scale. 

The  significant  engineering  factors  in  the  corrosion  of 
gray  cast  iron  are  the  distribution  of  the  corrosive  action  and  the 
rate  of  attack  under  various  conditions.  Corrosion  of  gray  iron  can  be 
uniform  (as  is  usually  the  case) , or  selective  so  as  to  produce  pitting. 
Many  factors  concerning  the  metal  and  the  surrounding  medium  de- 
termine the  type  of  corrosion  that  may  occur.  The  important  question 
is  how  long  will  the  casting  perform  satisfactorily  in  service.  When 
corrosion  is  uniform,  the  rate  of  attack  is  usually  expressed  in  mils 
per  year  (1  mil  = 0.001  in.).  When  the  metal  is  subject  to  pitting  or 
localized  corrosion,  the  maximum  pit  depth  is  the  significant  factor. 
Because  the  various  environmental  factors  have  a predominant  in- 
fluence on  corrosion,  the  corrosion  resistance  of  a material  is  not  a 
specific  property  and  corrosion  rate  data  can  only  be  considered  as  a 
general  guide. 

This  section  describes  the  factors  which  influence  the  cor- 
rosion resistance  of  plain  and  low-alloy  gray  irons.  The  corrosion  re- 
sistance and  uses  of  high-alloy  irons  are  reported  in  the  high  alloy 
section,  part  three  of  this  chapter. 
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B.  INFLUENCE  OF  STRUCTURE  AND  COMPOSITION  . . . The  presence  of 
graphite  flakes  and  the  higher  silicon  content  of  gray  iron  cause  the 
principal  differences  between  the  corrosion  of  gray  iron  and  steel. 
Graphite  has  a negative  potential  with  respect  to  ferrite  and  cemen- 
tite  in  aqueous  solution.  In  ordinary  corrosion,  the  iron  is  converted 
to  hydrated  oxides  while  the  graphite  remains  unattacked.  This  proc- 
ess may  be  accelerated  by  stray  electrical  currents*220*.  The  remain- 
ing skeleton  of  graphite  may  hold  the  rust  together  and  form  an  effec- 
tive barrier  against  further  penetration  of  the  corrosive  medium  to 
the  underlying  iron*221*.  This  accumulation  of  graphite  at  the  surface 
of  a corroded  casting  is  referred  to  as  “graphitization”*222*.  (Not  to 
be  confused  with  the  true  graphitization  which  can  occur  in  irons  at 
temperatures  above  1200  °F  when  iron  carbide  dissociates  into  iron 
and  graphite.)  The  graphite  particles  may  also  serve  to  interrupt  the 
progress  of  small  pits  and  prevent  localized  corrosion.  Coarse  graphite 
flakes  disrupt  the  formation  of  a protective  scale  of  ferrous  sulphate 
in  concentrated  sulphuric  acid*223*  but  induce  a lower  corrosion  rate 
in  dilute  acids*224*.  Thus  in  highly  corrosive  media,  such  as  strong 
acids,  the  attack  on  the  matrix  can  be  accelerated  if  the  size  and  dis- 
tribution of  the  graphite  permits  infiltration  of  the  medium  into  the 
casting,  but  in  most  cases  the  structure  and  type  of  graphite  exert 
only  a minor  influence  on  the  corrosion  rate*221’225*. 

The  matrix  microstructure  of  the  gray  iron  also  influences 
corrosion  behavior.  The  order  of  the  most  anodic  (most  active)  to 
cathodic  (most  inert)  structures  in  gray  iron  is:  ferrite,  pearlite, 
pearlite-phosphide,  cementite,  graphite (226>.  A fine  pearlitic  structure 
assists  in  the  formation  of  a protective  layer  on  the  casting  surface 
and  is,  therefore,  preferred  for  good  corrosion  resistance.  The  pres- 
ence of  internal  dispersed  porosity  or  shrinkage  is  undesirable  be- 
cause it  permits  the  corrosive  medium  to  enter  the  body  of  the 
casting.  Low  alloy  additions  to  gray  iron  will  improve  the  corrosion 
resistance  somewhat  by  producing  a more  favorable  size,  shape  and 
distribution  of  graphite,  and  a finer,  denser  pearlitic  matrix*221’227'. 
Variation  in  the  silicon  content  from  1.2  to  2.3%  has  no  influence  up- 
on the  corrosion  rate  in  dilute  acids,  city  and  soft  water,  and  neutral 
solutions*222’228*.  A high  silicon  content  is  detrimental  for  special  ap- 
plications where  silica  is  attacked,  such  as  exposure  to  caustic  alkalis, 
concentrated  sulphuric  acid,  and  hydrofluoric  acids*221*.  Phosphorus, 
within  the  usual  commercial  limits,  does  not  affect  the  corrosion  re- 
sistance of  gray  iron*229*  but  when  the  phosphorus  content  is  increased 
to  1.5  or  2%,  the  corrosion  resistance  to  common  mineral  acids  is  in- 
creased*230*. Manganese,  within  the  usual  range,  has  no  significant 
effect  on  corrosion*225*. 
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Fig.  61.  The  Relative  Ef- 
fect of  Low  Copper  Con- 
tents on  the  Corrosion 
Rate  of  Gray  Iron  in  Di- 
lute Hydrochloric  Acid 

(231) 


The  reported 
influence  of  copper 
on  corrosion  resist- 
ance is  erratic  but 
sufficient  evidence  is 
available  to  state 
that  copper  exerts  a 
beneficial  influence 
in  some  cases.  Cop- 
per contents  up  to 
1.4%  will  improve 
the  poor  corrosion 
resistance  of  gray 
iron  to  dilute  sul- 
phuric*225) and  other  mineral  acids*221).  The  data  shown  in  Figure  61 
show  the  effect  of  copper  additions  on  the  corrosion  of  cast  iron  in 
hydrochloric  acid  solution*231).  Small  copper  contents  (0.25  to  0.50%) 

reduce  the  corrosion  of 
gray  iron  in  dilute  acids, 
alkalis,  mine  waters,  and 
industrial  atmospheres *225- 
232).  Copper-containing 
cast  irons  have  also  been 
successfully  employed  in 
petroleum  refinery  lines, 
evaporator  bodies,  and 
heat  exchangers  for  salt 
plants*221'. 

Nickel  additions  to 
gray  iron  improve  the  cor- 
rosion resistance  in  non- 
oxidizing acids,  alkalis, 
and  other  media*233).  The 


Fig.  62.  The  Relative  Effect  of 
Nickel  Content  on  the  Resistance 
of  Gray  Iron  to  Attack  by  Caus- 
tic Potash*2251. 
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beneficial  effect  of  nickel  in  resisting  alkali  attacks  is  illustrated  in 
Figure  62*22S*.  The  nickel  addition  also  provides  improved  resistance 
to  highly  concentrated  fused  alkalis*201*  and  alkaline  sulphite  liquors 
in  the  paper  industry*234*.  Nickel  additions,  in  combination  with  chro- 
mium, reduce  corrosion  by  refining  the  graphite  and  matrix  micro- 
structure of  the  iron.  This  effect  is  reported  for  fatty  acid  and  sulphur 
dioxide  lines*221*.  The  influence  of  nickel  and  chromium  additions  on 
the  corrosion  rate  in  fatty-acid  stills  is  shown  in  Table  XXXIV*235*. 
The  excellent  resistance  of  the  high  nickel  austenitic  irons  to  several 
corrosive  media  are  discussed  in  “Part  3,  The  Properties  of  White  and 
High  Alloy  Irons.” 


TABLE  XXXIV:  CORROSION  TESTS  OF  PLAIN  AND  ALLOYED  CAST  IRONS 
IN  A FATTY  ACID  STILL  *235* 

Duration  of  test,  76  days 


COMPOSITION  OF  CAST  IRON,  % 

Corrosion  Rate, 

In.  Per  Year 

Total  C 

Si 

Ni 

Cr 

Cu 

3.02 

1.82 

— 

.... 

0.37 

2.89 

1.24 

3.58 

.... 

0.17 

3.03 

2.16 

2.73 

1.25 

0.15 

.... 

.... 

14.62 

2.34 

6.00 

0.018 

Small  amounts  of  chromium  improve  the  corrosion  re- 
sistance of  gray  iron  in  sea  water  and  weak  acids*238*.  The  influence 
of  these  low  chromium  contents  on  loss  in  weight  of  gray  iron  at 
60°F  for  28  days  is  shown  in  Figure  63a  and  b<237*.  Large  amounts  of 
chromium  (3  to  12%)  reduce  attack  from  alkalis*221*.  Small  amounts 
of  molybdenum,  vanadium,  or  titanium  impart  slightly  increased  cor- 
rosion resistance,  apparently  by  improving  the  graphite  and  matrix 
structures. 

The  addition  of  alloying  elements  to  gray  iron  in  amounts 
up  to  three  percent  effect  some  increase  in  corrosion  resistance  by 
providing  an  iron  with  greater  density,  finer  graphite  and  a more 
uniform  structure.  Low  alloy  and  unalloyed  irons  of  the  same  density 
and  structure  will  have  comparable  corrosion  resistance*238*.  Consid- 
erably more  than  three  percent  of  alloy  content  is  necessary  to  pro- 
vide a marked  improvement  over  unalloyed  irons  of  good  density  and 
structure.  Also  see  “Part  3,  The  Properties  of  White  and  High  Alloy 
Irons.” 
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Fig.  63a.  The  Effect 
of  Small  Chromium 
Contents  on  the  Cor- 
rosion Rate  of  Gray 
Iron  in  Various  Me- 
dia for  28  Days  at 

60oF<237), 


Fig.  63b.  The  Effect 
of  Small  Chromium 
Contents  on  the  Cor- 
rosion Rate  of  Gray 
Iron  in  Various  Me- 
dia for  28  Days  at 
60°F(237). 
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C.  CORROSION  IN  VARIOUS  LIQUIDS  . . . 

1.  Acids:  Unalloyed  gray  irons  have  little  useful  resist- 
ance to  dilute  and  intermediate  concentrations  of  the  common  mineral 
acids.  The  corrosion  rate  is  very  high  in  hydrochloric  acid  at  all  con- 
centrations and  temperatures.  In  very  dilute  acids,  the  presence  of 
air  or  other  oxidizing  agents  increases  the  corrosion  rate.  If  corrosion 
rates  are  to  be  restricted  to  10  mils  per  year  in  moderately  aerated 
solutions,  a total  acid  concentration  of  0.001N  should  not  be  ex- 
ceeded*227). 


In  certain  cases  at  low  media  velocities,  concentrated  acids 
such  as  sulphuric,  nitric,  chromic,  and  crude  phosphoric  may  form  a 
protective  coating  that  provides  satisfactory  corrosion  resistance*221). 
Concentrations  of  hot  sulphuric  acid  over  64%  H2S04  by  weight  can 
be  satisfactorily  resisted  by  gray  iron  because  the  iron  sulphate  coat- 
ing initially  developed  is  insoluble  in  the  concentrated  acid(233).  How- 
ever, if  the  acid  is  diluted  to  concentrations  below  60%,  iron  sulphate 
becomes  soluble  and  rapid  corrosion  ensues.  Free  SO:4  (fuming  sul- 
phuric acid  or  oleum)  does  not  increase  the  corrosion  rate  but  may 
cause  cracking*227'233).  Gray  iron  exhibits  a useful  corrosion  resistance 
with  65  to  70%  concentrations  of  nitric  acid.  Concentrations  of  45 
to  55%  are  reported' 23!)>  to  first  attack  iron  and  then  become  non- 
reactive, although  some  caution  is  indicated  particularly  in  regard  to 
temperature*226’227).  At  moderate  temperatures,  gray  iron  displays  ex- 


Fig.  64.  The  Gray 
Iron  Housing  of 
an  Acid  Pump 
Made  Especially 
for  Handling 
Oleum. 
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cellent  resistance  to  mixtures  of  concentrated  nitric  and  sulphuric 
acids  with  up  to  20%  water.  In  other  mixed  acids,  such  as  60%  nitric 
and  10%  sulphuric,  the  corrosion  rate  is  approximately  5 mils  per 
year*227-233*.  Gray  iron  has  been  reported  to  possess  suitable  resistance 
to  chromic  acid,  even  when  dilute  *233-240-241*.  While  pure  concentrated 
phosphoric  acid  attacks  gray  iron  at  all  temperatures  and  concentra- 
tions, crude  concentrated  phosphoric  containing  such  inhibiting  im- 
purities as  arsenic  is  satisfactorily  resisted*227*. 

Gray  iron  is  commonly  used  for  stills  in  the  manufacture 
of  acetic  and  fatty  acids,  but  dilute,  aerated  solutions  of  organic 
acids  such  as  acetic,  oxalic,  citric,  lactic  may  corrode  iron  at  a suffi- 
ciently rapid  rate  to  be  uneconomical*227*.  Corrosion  by  the  organic 
acids  present  in  coal  tars  is  generally  slow,  i.e.,  within  2 to  10  mils  per 
year  at  700°F*227*. 


2.  Alkalis:  The  corrosion  resistance  of  gray  cast  iron  in 
alkali  solutions  is  generally  good  and  approximately  equivalent  to 
steel*233*.  The  metal  is  not  corroded  by  dilute  alkali  solutions  at  any 
temperature  but  hot  solutions  over  30%  concentration  will  attack  the 
iron  with  hydrogen  evolution.  The  temperature  should  not  exceed 
176°F  for  concentrations  up  to  70%  when  corrosion  rates  below  8 
mils  per  year  are  desired*227*.  The  corrosion  rate  may  attain  50  to  100 
mils  per  year  in  boiling  solutions  of  over  50%  concentration.  Molten 
caustic  soda  (about  1200°F)  is  reported  to  attack  cast  iron  at  the 
very  rapid  initial  rate  of  800  mils  per  year;  however,  the  rate  gradu- 
ally decreases  with  use*227*.  Low  silicon  gray  iron  is  used  extensively 
for  caustic  fusion  pots  because  the  long  life  obtained  with  a heavy 
wall  thickness  provides  low  service  cost*221*.  Gray  irons  are  also  used 
extensively  to  handle  other  alkalis  such  as  ammonium  hydroxide. 

3.  Salt  and  Salt  Solutions:  Numerous  salts  and  salt  solu- 
tions can  be  handled  by  cast  iron  without  excessive  corrosion.  Salts 
which  hydrolyze  to  form  an  alkaline  solution  such  as  the  cyanides, 
silicates,  carbonates,  bicarbonates,  and  sulphides  have  a retarded  cor- 
rosive action.  The  corrosion  in  salts  that  hydrolyze  to  form  an  acid 
solution  is  considerably  greater,  particularly  if  the  salts  are  oxidizing 
or  the  solutions  are  aerated*227*.  Chlorides  and  sulphates  of  the  alkali 
metals  yield  neutral  solutions  and  relatively  low  corrosion  rates,  but 
the  more  acid  chlorides  and  sulphates  and  those  that  are  oxidizing 
and  hydrolyze  readily,  such  as  ferric  and  mercuric  compounds,  are 
considerably  more  corrosive.  The  oxidizing  salts  such  as  chromates, 
nitrites,  nitrates,  and  permanganates  are  mildly  corrosive  near  neu- 
trality but  higher  rates  are  evident  in  acid  solutions.  Ammonium 
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salts  are  quite  corrosive  to  iron  but  the  rate  is  reduced  by  the  pres- 
ence of  free  ammonia *227*. 

4.  Organic  Media  and  Sulphur  Compounds:  Cast  iron  is  fre- 
quently used  for  handling  methyl,  ethyl,  butyl,  and  amyl  alcohols,  as 
well  as  glycerine.  Alcohol  and  water  solutions  in  the  presence  of  air 
may  sometimes  cause  slight  corrosion*242*.  Glycerine  stored  in  tanks 
made  of  a ferrous  alloy  tends  to  change  its  color  slightly.  Crude  oil 
is  virtually  non-corrosive  to  cast  iron,  except  when  highly  sulpho- 
nated<243>.  An  investigation  conducted  on  oil  distillation  equipment 
showed  that  a “crude  topping”  unit  in  which  water  condensed  and 
formed  aqueous  solutions  of  salt  and  acids  could  be  made  most 
economically  of  gray  cast  iron.  Although  corroded,  the  iron  was  at- 
tacked uniformly  resulting  in  a long  useful  life  because  of  the  thick 
metal  sections*244*. 

Cast  iron  can  be  safely  used  in  sulphur  at  temperatures 
up  to  400 °F,  provided  no  air  is  present  in  liquid  sulphur  and  no  water 
in  solid  sulphur.  The  corrosion  rate  of  cast  iron  in  liquid  sulphur 
varies  with  temperatures:  less  than  one  mil  per  year  at  260°F;  less 
than  27  mils  per  year  at  500  °F;  and  over  400  mils  per  year  at  830 °F. 
The  exposure  of  cast  iron  to  sulphur  containing  15%  water,  however, 
led  to  complete  destruction  of  a part  after  134  days  at  room  tempera- 
ture because  of  the  formation  of  sulphurous  acid. 

Cast  iron  is  used  in  some  high-temperature  corrosive  serv- 
ices such  as  the  production  of  carbon  disulphide.  It  has  replaced  many 
other  structural  materials  because  these  materials  were  no  better 
than  cast  iron  and  considerably  more  expensive*233*. 

5.  Natural  and  Industrial  Waters:  The  complete  corrosion 
lesistance  of  gray  cast  iron  to  fresh  waters  is  principally  determined 
by  its  ability  to  form  a protective  scale,  often  of  calcium  carbonate. 
As  a result,  “hard”  waters  are  generally  not  appreciably  corrosive  to 
cast  iron.  If  water  is  softened  by  the  base  exchange  process  and  the 
carbon  dioxide  is  not  removed,  the  soft  water  may  acquire  some  de- 
gree of  corrosiveness.  Gray  cast  iron  has  been  successfully  used  in 
water  mains  for  years.  For  example,  the  cast  iron  water  mains  in- 
stalled by  Louis  XIV  at  Versailles  in  1664  are  still  in  service.  (Illus- 
trated in  Chapter  One) 

The  corrosiveness  of  industrial  and  waste  waters  depends 
primarily  on  what  they  carry  in  solution.  Corrosion  rates  are  gen- 
erally higher  in  acid  than  in  alkaline  effluents.  Chlorides  in  acid  wa- 
ters are  an  effective  stimulus  to  corrosion.  Mine  waters  with  dissolved 
ferritic  salts  may  be  corrosive  to  gray  iron*227*. 
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Fig.  65.  Gray  Iron  Bilge-Pump 
Strainer  Housings  for  Ships. 


The  corrosion  rate  of 
cast  iron  in  sea  water  is  rela- 
tively low.  Quiescent,  aerat- 
ed, unpolluted  sea  water  usu- 
ally corrodes  gray  iron  at  a 
rate  of  5 to  10  mils  per  year. 

Polluted  sea  water  may  in- 
crease this  figure,  particular- 
ly if  sulphate-reducing  bac- 
teria are  present  <227>. 

The  summary  of  con- 
siderable data  on  the  corro- 
sion of  gray  iron  of  different 
analyses  and  at  various  loca- 
tions in  the  oceans  is  listed  in 
Table  XXXV(23°).  The  rate  of 
attack  on  cast  iron  pipe  car- 
rying sea  water  at  low  veloc- 
ity was  reported  as  13  mils 
per  year  for  as-cast  and  11 
mils  per  year  for  machined 
pipe.  These  results  indicate  that  the  surface  skin  does  not  appreciably 
influence  long-time  corrosion  rates*221). 


TABLE  XXXV:  CORROSION  OF  CAST  IRONS  BY  SEA  WATER  I236) 


c 

Mn 

Composition  of  Cast  Iron,  % 

Si  S P Cu  Ni 

Cr 

Original 

Condition 

of 

Surface 

Duration 

of 

Exposure, 

years 

Corrosion 
Rate,  in. 
per  year 

Max. 
Depth 
of  Pit- 
ting, in. 

Geographical 

Location 

Continuously  Immersed 

3.52  0.88 
3.41  0.74 

3.41  0.74 

3.41  0.74 

Average  of 

1.5  0.09  0.17 

1.73  0.07  0.48 

1.73  0.07  0.48 

1.73  0.07  0.48 

8 cast  irons  in  test  . . . . 

As  cast 

As  cast 

As  cast 

As  cast 

4 

15 

15 

15 

0.0040 

0.0059 

0.0026 

0.0085 

0.0048 

0.0068 

0.0065 

0.021 

0.0008 

0.0016 

0.25^ 

0.058 

0.198 

★ 

Bristol  Channel, 

Halifax,  N.  S. 

Plymouth,  Eng. 

Colombo,  Ceylon 

3.0 

2.8 

1.2 

1.0 

1.7 

1.7 

6.5  15.0 

. . . 20.0 

2.0 

2.5 

Machined 
Machined 
As  cast 

As  cast 

As  cast 

0.5 

0.2 

6 

6 

6 

★ 

None 

None 

San  Francisco,  Calif. 

East  River,  New  York  City 
Kure  Beach,  N.  C. 

Exposed  at  Half-Tide  Level 

3.41 

0.74 

1.73 

0.07 

0.48 

As  cast 

15 

0.0015 

0.052 

3.41 

0.74 

1.73 

0.07 

0.48 

As  cast 

15 

0.0020 

0.180 

Plymouth,  Eng. 

Eastport,  Maine 

Average  of  9 cast  irons  in  test 

Machined 

3 

0.0015 

★ Severe  graphitic 

corrosion 
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Fig.  66.  The  “Wet-End”  of  a Paper  Making  Machine. 

The  vats,  weighing  four  tons  each,  and  other  equipment  are  made  from  a Class 
30  gray  iron  to  resist  corrosion  and  damp  vibration. 


D.  ATMOSPHERIC  CORROSION  . . . Atmospheric  corrosion  rates  de- 
pend both  on  the  relative  humidity  and  the  atmosphere.  Corrosion  is 
slight  at  low  humidities,  but  is  accelerated  at  relative  humidities 
greater  than  70%,  even  though  there  is  no  visible  water  layer  on  the 
surface.  Sulphur  dioxide  generally  is  considered  to  be  a prime  stimu- 
lator of  atmospheric  corrosion.  The  maximum  corrosion  rate  in  a 
highly  polluted  general  urban  atmosphere  is  about  5 mils  per  year. 
The  corrosion  rate  in  rural  districts  will  generally  not  exceed  1 mil 
per  year.  Corrosion  rates  in  marine  atmospheres  containing  air- 
borne chlorides  are  generally  intermediate  to  urban  and  rural  at- 
mospheres^27). 


E.  SOIL  CORROSION  . . . The  rate  of  corrosion  of  gray  iron  in  soils 
depends  upon  the  drainage  or  soil  porosity,  electrical  conductivity  and 
contact  effects  caused  by  materials  in  the  soil,  and  the  type  and  con- 
centration of  the  constituents  dissolved  in  the  ground  water.  Corro- 
sion conditions  can  vary  considerably,  since  the  materials  dissolved 
in  gi  ound  water  include  gases,  acids,  bases,  salts,  and  organic  com- 
pounds. Generally,  well-drained  open  soils  are  not  particularly  cor- 
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TABLE  XXXVI:  CORROSION  OF  CAST  IRON  IN  FIELD  TESTS  IN  SOILS  I244) 
Locations  1 to  7:  Duration  of  exposure  12  years:  4 specimens. 

Locations  8 to  10:  Duration  of  exposure  1 4 years:  8 specimens. 


Type  of  Soil 

Location  of  Site 

pH 

Resistivity 
at  60°F, 
ohm/cm 

Aeration0 

Mean 

Wt.  Loss, 
oz./ft.2 

1 . Chester  loam 

Jenkintown,  Pa. 

5.6 

6,670 

G 

15.1 

2.  Dublin  clay  adobe 

Oakland,  Calif. 

7.0 

1,346 

P 

10.5 

3.  Fargo  clay  loam 

Fargo,  N.  Dak. 

7.6 

350 

P 

21.2 

4.  Miami  clay  loam 

Milwaukee,  Wis. 

7.2 

1,780 

F 

3.5 

5.  Miami  silt  loam 

Springfield,  Ohio 

7.3 

2,980 

G 

4.1 

6.  Ontario  loam 

Rochester,  N.  Y. 

7.3 

5,700 

G 

4.8 

7.  Tidal  marsh 

Elizabeth,  N.  J. 

3.1 

60 

VP 

17.7 

8.  Lake  Charles  clay 

El  Vista,  Tex. 

7.1 

406 

VP 

40.5 

9.  Susquehanna  clay 

Meridian,  Miss. 

4.1 

6,922 

F 

5.9 

1 0.  Docas  clay 

Cholame,  Calif. 

8.3 

62 

F 

58.0 

aAeration  of  Soils:  G,  good 

F,  fair;  P,  poor;  VP,  very  poor. 

rosive  to  cast  iron.  On  the  other  hand,  heavy,  water-logged  clay  soils 
can  present  difficult  corrosion  problems.  Under  extremely  corrosive 
conditions  pitting  may  ensue.  Pitting  is  stimulated  by  patch  soil  con- 
tact on  the  pipe  and  emphasizes  the  need  for  consolidating  the  back 
fill  uniformly  around  the  pipe.  It  has  been  found  that  the  addition  of 
up  to  3%  nickel  to  cast  iron  may  significantly  reduce  the  initial  cor- 
rosion rate  in  poorly  drained  soils  of  low  resistivity.  This  advantage, 
however,  is  not  necessarily  maintained  for  a long  duration(245).  When 
gray  iron  corrodes  rapidly  in  soils,  it' frequently  takes  the  form  of 
“graphitization,”  particularly  in  soils  containing  sulphates  or  chlo- 
rides(22fl).  Since  the  corrosion  rate  varies  greatly  in  different  soils, 
only  a general  quantitative  value  can  be  expressed:  the  maximum 
pitting  rate  for  a well-aerated  loam  soil  may  be  only  2 mils  per  year, 
while  that  of  the  heavy,  water-logged  clay  soil  may  reach  40  mils  per 
year*227'.  Some  results  of  corrosion  tests  of  cast  iron  buried  in  soils 
are  reported  in  Table  XXXVI  <246b  An  extensive  investigation  of  gray 
iron  pipe  buried  in  soil  has  shown  that  although  the  corrosion  prod- 
ucts are  usually  weak,  they  are  frequently  strong  enough  to  continue 
to  hold  water  at  regular  pressure  even  after  advanced  graphitization 
has  taken  place  <245>. 

F.  CORROSION  BY  MOLTEN  METALS  . . . Gray  iron  is  frequently  em- 
ployed for  melting  and  handling  molten  metals  such  as  lead,  zinc, 
magnesium,  and  aluminum (233).  There  are  three  actions  which  can 
shorten  the  service  life  of  a gray  iron  melting  pot(253>. 

1.  Solution  of  the  iron  into  the  contained  molten  metal. 

2.  Attack  of  the  iron  by  oxygen  or  sulphur  in  the  molten 
metal  or  its  dross. 
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3.  Deterioration  of  the  iron  at  high  temperature  by  heat- 
checking, growth,  or  stress  rupture. 

In  all  of  these,  the  operating  temperature  is  most  important,  for  in- 
creasing temperatures  increase  the  rate  of  attack.  Shock  heating  or 
cooling  can  also  shorten  the  service  life.  The  important  high  tem- 
perature properties  are  discussed  in  Section  XIII  of  this  chapter. 
Although  some  molten  metals  may  tend  to  dissolve  the  iron,  the 
solution  rates  are  sufficiently  low  so  that  the  use  of  gray  iron  pots  is 
usually  economical. 

In  some  applications  the  corrosion  resistance  can  be  im- 
proved by  a pre-oxidation  of  the  vessel  at  about  1550°F  in  air'247' 
or  by  aluminizing  the  surface.  Gray  iron  has  good  resistance  to 
attack  from  molten  lead  at  930°F  but  poor  resistance  above  1600°F. 
Gray  iron  is  superior  to  other  ferrous  metals  for  holding  molten 
aluminum  and  is  commonly  used  as  a commercial  crucible  mate- 
rial'248'. Improved  service  for  melting  zinc,  lead,  and  aluminum  is 
provided  by  alloy  additions  of  0.5  to  2.5%  molybdenum,  although  the 
alloying  rate  of  zinc  and  iron  can  become  very  rapid  above  900  °F. 
Gray  iron  has  good  resistance  to  molten  magnesium  near  its  melting 
point,  and  to  molten  cadmium  up  to  1290  °F. 

G.  INFLUENCE  OF  OTHER  VARIABLES  ON  CORROSION  . . . The  corro- 
sion rate  of  gray  cast  iron  is  generally  increased  by  both  the  tem- 
perature and  the  relative  velocity  of  the  corroding  medium.  Higher 
temperatures  will  usually  increase  corrosion  because  of  the  greater 
ionization  of  the  solution,  and  solubility  of  the  corrosion  products'221'. 

Increasing  velocity  of  the  corrosive  medium  will  bring  the 
surface  of  the  iron  part  in  contact  with  freshly  aerated  media  and 
tend  to  remove  the  protective  oxide  and  graphite  coating'221'.  When 
higher  velocities  are  attained,  such  as  in  pumps,  valves,  impellers, 
orifices,  agitators,  etc.,  the  resulting  turbulent  conditions  can  me- 
chanically scrub  protective  films  from  the  iron  and  produce  rapid 
erosion-corrosion'249'.  High  relative  velocity  between  the  casting  and 
liquid  medium  produce  rapidly  alternating  pressures  that  can  result 
in  cavitation  erosion.  The  pressure  is  reduced  locally  under  these  con- 
ditions so  that  boiling  occurs  and  small  vapor  cavities  form.  The 
collapse  of  these  cavities  next  to  the  metal  surface  produces  high 
liquid  impact  on  the  metal  surface  with  consequent  increased  attack 
or  damage '2n0).  This  cavitation  erosion  is  experienced  in  high  speed 
pumps,  turbines,  valves,  and  marine  propellers.  Increasing  the  hard- 
ness and  corrosion  resistance  of  the  iron  will  reduce  cavitation  ero- 
sion, but  a design  which  avoids  this  phenomenon  is  best'221'. 
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Fig.  67.  Several  Types  of  Water  Pump  Impellers  Cast  in  Unalloyed  and  Low  Alloy 
Gray  Iron. 


H.  CORROSION  RESISTANT  USES  . . . The  preceding  information  pro- 
vides many  indications  of  the  conditions  under  which  gray  iron  can  be 
satisfactorily  employed  under  corrosive  conditions.  This  metal  exhibits 
excellent  corrosion  resistance  for  many  applications.  In  other  cases, 
the  corrosion  rate  may  be  appreciable  but  gray  iron  is  utilized  because 
the  low  cost  and  relatively  thick  sections  of  the  casting  increase 
service  life  and  give  the  most  economical  service.  The  individual 
requirements  for  each  application  must  be  considered  in  determining 
the  suitability  of  gray  iron.  The  minimum  service  life  and  maximum 
allowable  corrosion  rate  may  be  primarily  established  by  how  easily 
the  part  can  be  replaced.  If  contamination  of  the  product  cannot  be 
tolerated,  even  a very  low  corrosion  rate  may  not  be  satisfactory. 
Surface  coatings — metallic,  ceramic,  or  organic — are  often  used  for 
this  reason.  See  Chapter  Nine.  Rates  of  corrosion  and  a comprehen- 
sive list  of  materials  regularly  handled  by  gray  iron  are  contained  in 
a detailed  study  of  this  subject  by  F.  L.  LaQue<252>. 
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PART  2.  THE  PROPERTIES 
OF  DUCTILE  (NODULAR)  IRON 

I.  INTRODUCTION 


Although  the  manufacture  of  iron  castings  is  a very  old 
industry,  a number  of  new  and  remarkable  developments  have  been 
made  in  the  casting  process  during  the  last  few  years.  Outstanding 
among  these  is  the  discovery  of  direct  methods  to  produce  a high 
strength  cast  iron  that  can  be  bent(I).  This  new  iron  is  known  in  most 
specifications  as  nodular  cast  iron,  due  to  the  unique  shape  of  the  gra- 
phite which  it  contains,  but  it  is  commonly  referred  to  as  ductile  iron 
because  of  its  outstanding  property.  The  term  spherulitic  graphite 
cast  iron,  or  SG  iron,  is  also  used  to  designate  this  new  alloy. 


Ductile  (nodular)  iron  consists  of  graphite  spherulites 
dispersed  in  a metallic  matrix,  Figure  1.  This  is  significant,  since 


the  ease  with  which  iron 
can  be  melted  and  cast 
into  complex  shapes  is 
primarily  dependent  up- 
on a relatively  high  car- 
bon content.  When  the 
iron  solidifies,  a major 
portion  of  the  carbon 
precipitates  within  the 
metal  as  graphite,  but 
graphite  in  the  form  of 
spherulites  has  a mini- 
mum influence  on  the 
mechanical  properties  of 
the  casting.  Thus,  the 
properties  of  ductile  iron 
are  primarily  dependent 
upon  the  type  of  metal- 
lic matrix  which  sur- 


Fig.  1.  The  Spherulitic  Graphite  of  Ductile  (Nod- 
ular) Iron — 250X,  Unetched. 


rounds  the  graphite  nodules.  This  matrix  structure  may  be  varied  by 
foundry  practice  and/or  heat  treatment,  so  that  a wide  range  of 
properties  is  available  in  the  casting.  The  various  types  of  ductile 
iron  are  listed  in  Table  I. 


II.  HEAT  TREATMENT 

Ductile  (nodular)  iron  castings  are  produced  in  a wide 
range  of  properties  through  the  use  of  its  excellent  response  to  heat 
treatment.  The  active,  or  combined,  carbon  content  in  the  matrix  may 
be  adjusted  from  zero  to  over  one  percent  by  metal  analysis,  including 
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TABLE  I:  PRINCIPAL  TYPES  OF  DUCTILE  (NODULAR)  IRON 


TYPE 

BRINELL 

HARDNESS  NO. 

CHARACTERISTICS 

APPLICATION 

80-60-03* 

200-270 

Essentially  pearlitic  matrix, 

Heavy  duty  machinery. 

high  strength  as-cast.  Re- 

gears,  dies,  rolls  for 

sponds  readily  to  flame  or  in- 

wear  resistance  and 

duction  hardening. 

strength. 

60-45-10 

140-200 

Essentially  ferritic  matrix, 

Pressure  castings,  valve 

excellent  machinability  and 

and  pump  bodies,  shock 

good  ductility. 

resisting  parts. 

60-40-15 

140-190 

Fully  ferritic  matrix,  maxi- 

Navy  shipboard  and 

mum  ductility  and  low  transi- 

other  uses  requiring  shock 

tion  temperature  (has  analy- 
sis limitations) 

resistance. 

100-70-03 

240-300 

Uniformly  fine  pearlitic  ma-  \ 

trix,  normalized  and  tern-  \ 

pered  or  alloyed.  Excellent  1 

combination  of  strength,  I 

wear  resistance,  and  ductility.  ( 

Pinions,  gears,  crank  - 
shafts,  cams,  guides, 

120-90-02 

270-350 

Matrix  of  tempered  marten-  I 
site.  May  be  alloyed  to  pro-  V 
vide  hardenability.  Maxi- 
mum strength  and  wear  re-  J 

sistance.  / 

track  rollers. 

*The  type  numbers  indicate  the  minimum  tensile  strength,  yield  strength,  and  percent  of  elongation. 
The  80-60-03  type  has  a minimum  of  80,000  psi  tensile,  60,000  psi  yield,  and  3%  elongation 
in  two  inches. 


alloys,  foundry  practice  and/or  heat  treatment.  The  graphite,  dis- 
persed throughout  the  iron,  acts  as  a supply  or  depository  for  in- 
ternal carburization  or  decarburization.  Thus,  the  matrix  structure 
may  be  all  ferrite,  ferrite  and  pearlite,  all  pearlite,  martensite,  tem- 
pered martensite  or  bainite.  It  may  also  contain  carbides  or  retained 
austenite. 

To  develop  the  most  serviceable  properties,  ductile  (nodu- 
lar) iron  castings  are  commonly  annealed,  normalized,  stress-relieved, 
quenched  and  tempered,  austempered,  or  surface  hardened  by  induc- 
tion or  flame.  Heat  treating  principles  and  procedures  are  all  described 
in  detail  in  Chapter  VI,  “The  Heat  Treatment  of  Gray  Iron.”  These 
are  all  applicable  to  ductile  iron,  but  the  properties  obtained  are  quite 
different,  and  are  presented  in  the  following  sections. 

1.  Stress  Relief:  Castings  in  the  as-cast  condition  may  con- 
tain internal  stresses  when  various  portions  of  the  casting  cool  at  dif- 
ferent rates.  These  stresses  may  be  minimized  or  removed  by  heat 
treatment.  (See  Section  II  of  Chapter  VI  on  heat  treatment)  When 
not  otherwise  heat  treated,  complex  engineering  castings  may  be 
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stress  relieved  at  1000°F  to  1250°F.  The  lower  temperature  is  satis- 
factory for  many  practical  applications  and  will  reduce  principal  in- 
ternal stresses  within  a reasonable  furnace  time.  The  higher  temper- 
ature will  eliminate  virtually  all  internal  stress,  but  it  will  also  effect 
some  reduction  in  hardness  and  tensile  strength.  The  required  time  at 
temperature  will  depend  upon  the  temperature  that  is  used,  the  nature 
of  the  work,  and  the  completeness  of  stress  relief  that  is  desired,  but 
one  hour  plus  one  hour  per  inch  of  metal  thickness  is  considered  good 
practice*2'.  The  cooling  should  be  uniform  so  as  to  avoid  re-introduc- 
ing stresses. 

2.  Annealing:  Ductile  (nodular)  iron  castings  are  generally 
given  a full  anneal  when  maximum  ductility  and  the  best  machina- 
bility  are  desired,  the  microstructure  being  converted  to  ferrite  and 
spheroidal  graphite.  This  involves  two  steps:  First,  heating  to  above 
the  critical  range  so  as  to  dissolve  all  carbides  into  the  austenite,  and 
second,  cooling  slowly  enough  so  that  the  austenite  transforms  to 
ferrite  with  the  carbon  being  precipitated  as  graphite  around  the 
existing  spheroids.  The  critical  temperature  range  depends  upon  the 
chemical  composition  of  the  metal,  but  does  not  vary  sufficiently  in 
unalloyed  or  low  alloy  commercial  castings  to  cause  variation  in  their 
annealing  temperatures.  Manganese,  phosphorus,  and  alloying  ele- 
ments such  as  chromium,  nickel,  and  molybdenum  should  be  as  low  as 
possible  if  the  best  annealed  properties  are  desired,  because  these 
elements  retard  the  annealing  process. 

There  are  two  annealing  cycles  which  may  be  used  very 
satisfactorily*2).  The  selection  will  generally  depend  upon  the  type  of 
heat  treating  equipment  that  is  to  be  used: 

a.  Heat  to  1650  °F  for  one  hour  plus  one  hour  or  more  per 
inch  of  metal  thickness.  Cool  to  1275°F  and  hold  for  five  hours  plus 
one  hour  per  inch  of  casting  section.  Cool  in  any  convenient  manner, 
but  uniformly  if  internal  stresses  are  to  be  avoided. 

b.  Heat  to  and  hold  at  1650°F  as  above,  but  furnace  cool 
to  1200°F  so  that  the  cooling  rate  between  1450°F  and  1200°F  does 
not  exceed  35  degrees  per  hour. 

A shorter,  sub-critical  annealing  cycle  can  be  used  when 
maximum  impact  properties  are  not  required.  In  this  treatment  the 
castings  are  heated  to  1300°F  and  held  for  five  hours  plus  one  hour 
per  inch  of  maximum  metal  thickness.  The  castings  should  be  furnace 
cooled  to  at  least  1100 °F. 

3.  Normalizing  and  Tempering:  By  definition,  to  normalize 
ferrous  materials  means  heating  to  an  austenitic  condition  (above  the 
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critical  temperature)  followed  by  cooling  in  still  air.  It  can  result  in  a 
considerable  improvement  in  tensile  properties <3’  <>.  This  heat  treat- 
ment may  be  used  in  the  production  of  100-70-03  and  120-90-02  types 
of  ductile  (nodular)  iron.  The  microstructure  that  is  obtained  by  nor- 
malizing will  depend  upon  the  composition  of  the  casting  and  its  cool- 
ing rate.  The  latter  is  dependent  upon  the  massiveness  of  the  casting, 
but  may  also  be  influenced  by  the  temperature  and  movement  of  the 
surrounding  air  during  cooling.  Normalizing  generally  produces  a 
homogeneous  structure  of  fine  pearlite,  if  the  metal  is  not  too  high  in 
silicon  and  has  at  least  a moderate  manganese  content  such  as  the 
80-60-03  type.  Heavier  castings  should  contain  alloying  elements  such 
as  nickel,  molybdenum,  and/or  additional  manganese  for  satisfactory 
normalizing.  Lighter  section  castings  may  be  martensitic  after  normal- 
izing if  they  have  sufficient  alloy  content.  The  normalizing  temperature 
is  usually  between  1600°  and  1700°F.  The  standard  time  at  tempera- 
ture of  one  hour  per  inch  of  section  or  one  hour  minimum  is  quite  satis- 
factory, but  due  to  the  rapid  diffusion  of  carbon  at  the  austenitizing 
temperature*5)  shorter  times  may  be  used  successfully. 


Fig'.  2.  The  Effect  of  Alloy  Content  on  the  Hardness  of  Normalized  Ductile  Iron 
Castings  up  to  Six  Inches  in  Thickness!4). 
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Fig.  3.  The  Effect  of  Tempering 
after  Normalizing  on  the  Hard- 
ness of  Unalloyed,  Nickel  Al- 
loyed, and  Nickel-Molybdenum 
Alloyed  Ductile  (Nodular)  Iron. 

After  Isleib  and  Savage!4). 

Alloying  elements 
have  an  important  place  in 
ductile  iron  castings  that 
are  to  be  normalized.  The 
hardenability  of  the  iron  is 
increased  sufficiently  by 
moderate  alloy  additions, 
so  that  a microstructure 
of  fine  pearlite  may  be  ob- 
tained in  normalized  cast- 
ings with  sections  up  to  six 
inches  thick.  Nickel  is  pre- 
ferred as  an  alloy  because 
it  strengthens  the  iron  in 
all  section  thicknesses  and 
does  not  form  carbides. 

Molybdenum,  in  combina- 
tion with  nickel,  is  very 
effective  in  increasing  the 
hardness  and  strength. 

The  influence  of  various  alloy  contents  and  section  size  on  the  hard- 
ness obtained  by  normalizing  is  shown  in  Figure  2(4).  The  relations  be- 
tween hardness,  strength,  and  ductility  are  shown  in  Section  III,  A. 
Tensile  Properties. 

Normalizing  is  commonly  followed  by  a sub-critical  reheat- 
ing called  “tempering”  for  the  purpose  of  modifying  the  hardness  and 
reducing  internal  stresses  that  result  when  various  parts  of  a casting 
are  cooled  at  different  rates.  The  effect  of  tempering  on  the  hardness 
and  tensile  properties  will  depend  upon  the  composition  of  the  iron, 
and  the  hardness  level  that  was  obtained  in  normalizing.  However, 
pearlitic  structures,  such  as  result  from  normalizing,  do  not  soften  as 
readily  as  the  martensitic  structures  which  are  obtained  by  quench- 
ing. Figure  3 shows  the  effect  of  tempering  for  one  hour  at  950°  and 
1150°F  on  the  normalized  hardness  of  a series  of  unalloyed,  nickel,  and 
nickel-molybdenum  irons. 

4.  Quenching  and  Tempering:  The  hardening  of  ductile 
(nodular)  iron  is  essentially  the  same  as  other  iron-carbon  alloys  (see 
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Distance  From  Water  Quenched  End  - Sixteenths  Of  An  Inch 


Fig-.  4.  Effect  of 
Total  Carbon 
Content  on  the 
Hardenability  of 
Ductile  (Nodu- 
lar) Iron.  Jominy 
Test  Curves  for  a 
Series  of  Irons 
with  Varying  To- 
tal Carbon  Con- 
tent!0). Base  Com- 
position: 3.16% 
Si,  0.42%  Mn, 
0.036%  P. 


Section  D,  Quench  Hardening,  in  the  chapter  on  heat  treatment),  but 
the  effective  (combined)  carbon  content  is  influenced  by  the  austeni- 
tizing temperature,  and  the  silicon  content.  A temperature  of  1550°  to 
1700  °F  is  normally  used  for  commercial  castings  and  produces  the 
highest  as-quenched  hardness.  Oil  is  preferred  as  a quenching  medium 
to  minimize  stresses,  but  water  or  brine  may  be  used. 

The  hardenability  of  ductile  (nodular)  iron  is  dependent 
upon  its  analysis.  Within  their  normal  range  the  total  carbon  and  silicon 
contents  have  a minor  influence  on  hardenability <«>,  Figures  4 and  5. 
The  combined  carbon  content  will  depend  upon  the  austenitizing  tem- 
perature. Manganese  has  a moderate  influence  as  shown  by  the  test 
series  reported  in  Figure  6.  A variety  of  hardenabilities  can  be  obtained 
by  the  use  of  alloys,  either  singly  or  in  combination.  Typical  examples 
of  Jominy  curves  for  alloy  irons  are  shown  in  Figure  7. 


Fig.  5.  Effect  of 
Silicon  Content  on 
the  Hardenability 
of  Ductile  (Nodu- 
lar) Iron.  Jominy 
Test  Curves  for  a 
Series  of  Irons 
with  Varying  Sil- 
icon Content!0). 
Base  Composi- 
tion: 3.43%  C, 
0.27%  Mn,  0.72% 
Ni,  0.036%  P. 


Distance  From  Water  Quenched  End  - Sixteenths  Of  An  Inch 
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Fig.  6.  Effect  gf 
Manganese  Con- 
tent on  the  Hard- 
enability  of  Duc- 
tile (Nodular) 
Iron.  Jominy  Test 
Curves  for  a Se- 
ries of  Irons  with 
Varying  Manga- 
nese Content(°L 
Base  Composi- 
tion: 3.33%  C, 
3.19%  Si,  0.004% 
P. 


The  tempering  treatment  has  both  a time  and  a tempera- 
ture effect,  but  more  consistent  results  are  obtained  with  longer  times 
at  lower  temperatures.  One  hour  plus  one  hour  per  inch  of  section  has 
been  used  satisfactorily.  Two  hours  for  a one-inch  section  was  used  to 
obtain  the  data  in  Figure  8,  which  shows  the  influence  of  tempering 
temperature  on  the  hardness  and  tensile  properties  of  ductile  iron  that 
had  been  oil  quenched  from  1600°F  to  a hardness  of  570  BHN.  Alloy 


Fig.  7.  Typical 
Jominy  Hard- 
enability 
Curves  for 
Alloy  Ductile 
(Nodular) 
Irons(2’4'fi). 


Sample 

Chemical  Analysis 

%C  %Si 

A 

3.27 

2.35 

B 

3.27 

2.38 

c 

3.27 

2.35 

D 

3.58 

2.26 

E 

3.45 

2.56 

of  Test  Samples 


%Mn 

%Ni 

%Mo 

0.45 

2.56 

— 

— 

1.02 

0.50 

0.03 

2.45 

— 

0.03 

0.99 

— 

0.28 

3.92 

0.57 
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Fig.  8.  The  Effect 
of  Tempering 
Temperature  on 
the  Hardness  of 
Oil  Quenched  and 
Tempered  Ductile 
(Nodular)  Iron!2). 
Samples  of  1 " 
Section  were 
Austenitized  at 
1600  °F  for  One 
Hour  and  Oil 
Quenched  to  570 
BHN.  Tempered 
for  Two  Hours  at 
Temperature. 
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Fig.  9.  Isothermal  Transformation  Diagrams  for  Two  Ductile  (Nod- 
ular) Irons  of  2%  and  3%  Silicon  Content,  Austenitized  at  1600°F(7). 


c 

2%  Silicon  3.42 

3%  Silicon  3.49 


Chemical  Analysis 


Si 

Mn 

p 

S 

Ni 

— 



— 

. 

— 

1.87 

0.32 

0.03 

0.01 

0.75 

2.98 

0.34 

0.03 

0.01 

0.82 
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irons  will,  of  course,  require  somewhat  higher  tempering  tempera- 
tures to  obtain  similar  results. 

5.  Austempering  and  Martempering:  These  processes,  as 
described  under  “Hot  Quenching”  in  the  chapter  on  heat  treatment, 
are  readily  applicable  to  ductile  (nodular)  irons.  Austempering  pro- 
duces a series  of  acicular  structures  (bainite)  of  intermediate  hard- 
nesses in  a single  operation  and  reduces  the  possibility  of  quench 
cracks.  The  method  is  limited  in  practical  application  to  relatively 
small  and  light-section  castings.  Martempering  is  a quenching  proce- 
dure that  may  be  used  to  obtain  a fully  martensitic  structure  with  a 
minimum  of  internal  stress.  In  this  method,  the  rapid  cooling  is  inter- 
rupted at  a temperature  above  that  at  which  martensite  is  formed, 
and  the  temperature  differential  within  the  casting  is  reduced  to  avoid 
distortion  and  minimize  residual  stresses.  Both  austempering  and  mar- 
tempering practices  are  based  on  isothermal  transformation  diagrams. 
Figure  9 is  such  a diagram*7*  for  two  irons  with  1.87%  and  2.98 % sili- 
con content  which  essentially  brackets  the  typical  commercial  range  for 
this  element.  The  influence  of  alloying  elements  on  the  isothermal 
transformation  of  ductile  iron  can  be  expected  to  be  similar  to  their 
effect  in  eutectoid  steel (8),  but  when  carbide-forming  alloys  are  used  in 
larger  quantities,  some  of  the  alloy  may  be  present  as  an  insoluble 
carbide.  In  this  form  it  is  not  effective  in  increasing  the  hardenability, 
but  will  cause  some  increase  in  hardness. 

6.  Surface  Hardening:  Ductile  (nodular)  iron  responds  read- 
ily to  surface  hardening  by  flame  or  induction.  The  several  methods  as 
described  under  “Heat  Treatment  of  Gray  Iron”  apply  to  ductile  iron 
castings  equally  well.  Because  of  the  short  heating  cycle  in  these  proc- 
esses, the  pearlitic  types  of  nodular,  80-60-03  and  100-70-03,  are  pre- 
ferred. Irons  without 
free  ferrite  in  their 
microstructure  re- 
spond almost  instant- 
ly and  require  no 
holding  time  at  tem- 
perature in  order  to 
be  fully  hardened,  as 
shown  in  Figure  10. 

Fig.  10.  Influence  of  Prior 
Structure  on  the  Time 
Necessary  at  1600° F in  In- 
duction Hardening — After 
Rowady,  et  alCD. 
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With  a moderate  amount  of  free  ferrite  the  response  may  be  satis- 
factory, but  an  entirely  ferritic  matrix,  typical  of  the  grades  with  high 
ductility,  requires  several  minutes  at  1600 °F  in  order  to  be  fully  hard- 
ened'7'.  A matrix  microstructure  of  fine  pearlite  can  be  readily  obtained 
by  normalizing  and  tempering  (stress-relieving).  A normalized  struc- 
ture has  high  response  to  surface  hardening  and  provides  excellent 
support  for  the  hardened  case.  Flame  and  induction  hardened  nodular 
iron  castings  have  proved  to  be  exceptionally  good  for  heavy  duty  appli- 
cations, such  as  rolls  in  cold  working  titanium,  ring  gears  for  paper 
mill  drives,  crankshafts,  and  large  sprockets  for  chain  drives'9'. 

III.  TENSILE  PROPERTIES 

A.  RANGE  OF  PROPERTIES  . . . The  minimum  tensile  properties  for 
each  grade  of  ductile  (nodular)  cast  iron  are  indicated  by  the  specifi- 
cation number.  For  example,  the  80-60-03  grade  has  a minimum  of 
80,000  psi  tensile  strength,  60,000  yield  strength,  and  3%  elongation. 
The  percent  reduction  of  area  is  not  normally  used  for  ductile  cast 
iron,  but  it  is  generally  equal  to  or  slightly  greater  than  the  percent 
elongation.  The  principal  types  have  been  listed  in  Table  I.  Additional 


TABLE  I:  PRINCIPAL  TYPES  OF  DUCTILE  (NODULAR)  IRON 


TYPE 

BRINELL 

* 

HARDNESS  NO. 

CHARACTERISTICS 

APPLICATION 

80-60-03* 

200-270 

Essentially  pearlitic  matrix, 

Heavy  duty  machinery, 

high  strength  as-cast.  Re- 

gears,  dies,  rolls  for 

sponds  readily  to  flame  or  in- 

wear  resistance  and 

duction  hardening. 

strength. 

60-45-10 

140-200 

Essentially  ferritic  matrix, 

Pressure  castings,  valve 

excellent  machinability  and 

and  pump  bodies,  shock 

good  ductility. 

resisting  parts. 

60-40-15 

140-190 

Fully  ferritic  matrix,  maxi- 

Navy  shipboard  and 

mum  ductility  and  low  transi- 

other  uses  requiring  shock 

tion  temperature  (has  analy- 
sis limitations) 

resistance. 

100-70-03 

240-300 

Uniformly  fine  pearlitic  ma-  \ 

trix,  normalized  and  tern-  \ 

pered  or  alloyed.  Excellent  J 

combination  of  strength,  / 

wear  resistance,  and  ductility.  ( 

Pinions,  gears,  crank- 

> 

shafts,  cams,  guides, 

120-90-02 

270-350 

Matrix  of  tempered  marten-  1 
site.  May  be  alloyed  to  pro-  V 
vide  hardenability.  Maxi- 
mum strength  and  wear  re-  / 

sistance.  / 

track  rollers. 

*The  type  numbers  indicate  the  minimum  tensile  strength,  yield  strength,  and  percent  of  elongation. 
The  80-60-03  type  has  a minimum  of  80,000  psi  tensile,  60,000  psi  yield,  and  3%  elongation 
in  two  inches. 
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information  on  specifications  is  given  in  Chapter  Four,  “Specifying 
and  Purchasing.’  Data  on  the  high  alloy  nodular  graphite  cast  irons 
aie  given  in  the  White  and  High  Alloy  Irons”  section  of  this  chapter. 

B.  RELATION  TO  HARDNESS  . . . The  typical  range  of  values  for  the 
tensile  strength,  yield  strength  (0.2%  offset),  and  the  percent  elonga- 
tion of  irons  containing  nodular  graphite  can  be  related  to  the  Brinell 
hai  dness  for  general  consideration.  There  is  a range  in  properties  at 
the  \aiious  hardness  levels,  because  of  the  differences  in  chemical  an- 
alysis between  the  various  commercial  types.  These  relations  for  the 
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Fig.  12.  Microstructure  of 
Entirely  Pearlitic  Ductile 
(Nodular)  Iron  — 500X, 
Etched. 


as-cast,  normalized,  normalized  and  tempered,  and  annealed  condition 
are  shown  in  Figure  11.  These  irons  will  have  a matrix  microstructure 
of  all  pearlite,  as  in  Figure  12;  all  ferrite,  as  in  Figure  13;  or  some 
combination  of  these  constituents  around  their  graphite  spherulites. 
The  relation  of  hardness  and  tensile  properties  is  somewhat  different 
for  alloy  ductile  cast  irons  which  have  an  acicular  matrix  microstruc- 
ture and  for  irons  which  have  been  quenched  and  tempered.  These  are 
considered  subsequently. 

The  properties  of  ductile  iron  castings  are  primarily  de- 
pendent upon  the  composition  of  the  metal  and  its  cooling  rate,  as  the 
effect  of  the  graphite  is  relatively  minor  and  fairly  constant.  Varia- 
tions in  the  size  and  thickness  of  a casting  will  influence  its  rate  of 
cooling  in  the  mold  (as-cast)  or  when  normalized,  and  thus  affect  the 
hardness  and  other  properties.  The  relationship  between  these  proper- 
ties, however,  is  not  primarily  subject  to  section  effect.  Composition 
and  cooling  rate  affect  the  amount  and  hardness  of  the  ferrite,  and  the 
amount,  fineness,  and  hardness  of  the  pearlite  in  the  matrix.  High 
strength  and  hardness  accompanied  by  relatively  low  ductility  are  ob- 
tained with  matrices  of  fine  pearlite  or  an  acicular  structure.  Con- 
versely, high  ductility  is  obtained  at  the  expense  of  strength  and  hard- 
ness with  a matrix  of  all  ferrite. 


Fig.  13.  Microstructure  of 
Entirely  Ferritic  Ductile 
(Nodular)  Iron  — 500X, 
Etched. 
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Fig.  14a.  Constant  Property  Curves  Showing  the  Effect  of 
Silicon  Content  and  Section  Thickness  on  the  Tensile  Prop- 
erties of  Annealed  Ductile  (Nodular)  Iron  Containing  1.20 
to  1.50%  NickeK10). 
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Fig.  14b.  Constant  Property  Curves  Showing  the  Effect  of 
Silicon  Content  and  Section  Thickness  on  the  Tensile  Prop- 
erties of  Annealed  Ductile  (Nodular)  Iron  Containing  1.20 
to  1.50%  NickeK10). 
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Fig.  14c.  Constant 
Property  Curves 
Showing  the  Effect 
of  Silicon  Content 
and  Section  Thick- 
ness on  the  Tensile 
Properties  of  An- 
nealed Ductile  (Nod- 
ular) Iron  Contain- 
ing 1.20  to  1.50% 
Nickel!10). 


C.  HIGH  DUCTILITY  . . . With  some  exceptions,  the  high  ductility,  fer- 
rite matrix  irons  can  be  produced  directly  as-cast,  but  a short  cycle, 
full  anneal  is  generally  used  to  obtain  maximum  ductility,  particularly 
with  smaller  sized  castings.  With  a matrix  of  ferrite  there  is  essen- 
tially no  active  or  combined  carbon  present.  (It  is  all  precipitated  as 
graphite.)  Thus,  the  effect  of  section  size  and  cooling  rate  is  mini- 
mized, so  that  the  hardness  and  tensile  properties  are  primarily  de- 
pendent upon  analysis.  Reese,  Rote,  and  Conger*10)  have  shown  the  in- 
fluence of  both  section  thickness  and  silicon  content  on  the  tensile 
properties  of  annealed  ductile  cast  iron  by  the  use  of  a series  of  con- 
stant-property curves,  Figure  14.  The  data  of  Reynolds,  Adams,  and 
Taylor)11)  are  similar,  in  that  they  found  no  section  effect  on  the  70,000 
psi  tensile  strength  or  53,000  psi  yield  strength  of  their  annealed  iron, 
but  the  percent  elongation  (and  reduction  of  area)  decreased  from 
22%  in  a one-half  inch  section  to  12%  in  a 4%-inch  section.  As  indi- 
cated in  Figure  14,  the  yield  and  tensile  strengths  of  the  annealed 
irons  increase  with  silicon  content,  while  the  percents  elongation  de- 
crease. Nickel  has  a similar  effect,  but  to  a lesser  degree.  Each  percent 
of  nickel  content  increases  the  yield  and  tensile  strengths  about  5,000 
psi,  but  reduces  the  ductility  only  one  percent)11).  Manganese  extends 
the  time  necessary  to  obtain  a complete  anneal,  but  has  only  a nominal 
effect  on  the  properties  of  the  ferritic,  high  ductility  irons.  For  this 
reason,  the  manganese  content  is  generally  kept  as  low  as  possible  in 
irons  to  be  annealed.  The  carbide  stabilizing  alloys,  such  as  chromium 
and  vanadium,  are  not  used  where  high  ductility  is  desired. 
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Fig.  15.  Typical  Relation 
between  Tensile  Proper- 
ties and  Brinell  Hardness 
of  Ductile  (Nodular)  Iron 
as  Quenched  and  Tem- 
peredf2). 


D.  HIGH  STRENGTH 

• . . The  higher 
strengths  are  gener- 
ally obtained  in  the 
normalized  condition, 
and  may  also  be  ob- 
tained by  quench 
hardening  and  tem- 
pering. Within  the 
limitations  of  harden- 
ability,  the  properties 
obtained  by  the  latter 
method  will  depend 
primarily  upon  the 
tempering  tempera- 
ture, Figure  8.  Figure 
15<2*  gives  a typical 
relation  between  the  properties  of  a ductile  cast  iron  that  has  been 
quenched  to  a full  hard  condition  (martensite)  and  tempered. 

The  hardness  and  tensile  properties  of  as-cast  or  normal- 
ized ductile  (nodular)  irons  will  depend  upon  their  composition  and 
cooling  rate  because  these  factors  determine  the  matrix  microstruc- 
ture. The  silicon  and  manganese  contents  of  the  iron  are  particularly 
important  since  increasing  the  silicon  content  tends  to  promote  the 
formation  of  the  duc- 
tile ferrite,  while  ad- 
ditional manganese 
stabilizes  pearlite  and 
increases  its  fineness 
(hardness  and 
strength).  As  the  sil- 
icon content  can  not 
be  reduced  beyond 
the  minimum  neces- 
sary for  proper 
graphite  formation,  a 
microstructure  of 
fine  pearlite  is  usu- 


Fig.  16.  Microstructure  of  an  Acicular  Ductile  (Nod- 
ular) Iron — 500X,  Etched. 
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Fig.  17b.  A General 
Relation  Between 
the  Brinell  Hardness 
and  Tensile  Proper- 
ties of  Normalized 
and  Tempered  Ni- 
Mo  Ductile  (Nodu- 
lar) Iron  with  an 
Acicular  Microstruc- 
tureO). 
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ally  obtained  by  increasing  the  manganese  content  to  a satisfactory 
value  for  the  cooling  rate  (casting  size)  that  is  involved.  Molybdenum 
has  an  effect  similar  to  manganese  and  is  used  to  maintain  strength 
in  heavier  casting  sections.  The  use  of  chromium  or  vanadium  is  re- 
stricted because  of  their  tendency  to  form  primary  carbides  which 
decrease  machinability  and  ductility. 

Alloy  additions  of  nickel  and  molybdenum  are  combined  to 
produce  the  very  high  strength,  acicular  microstructure,  Figure  16. 
The  proper  alloy  content  will  depend  upon  the  section  thickness  of  the 
casting,  the  method  of  cooling,  and  the  hardness  or  strength  level  that 
is  desired.  The  effect  of  alloy  content  and  section  thickness  on  the  as- 
cast  hardness  is  shown  in  F igure  17a.  This  may  be  compared  with  the 
hardness  of  the  same  alloys  in  the  normalized  condition,  Figure  2. 

The  hardness  and  tensile  property  relations  of  these  ma- 
terials are  shown  in  Figure  17b,  from  the  study  of  Isleib  and  Savage'4). 
The  high  alloy  ductile  cast  irons  are  considered  under  the  section  on 
“White  and  High  Alloy  Irons.” 

IV.  MODULUS  OF  ELASTICITY 

In  elastic  properties,  ductile  (nodular)  cast  iron  is  similar 
to  steel  in  that  the  modulus  of  elasticity  is  constant  up  to  the  elastic 
limit.  The  modulus  of  elasticity  in  tension  and  compression  is  normally 
between  23  and  25  million.  The  slope  of  the  stress-strain  curve,  the 
modulus,  does  not  vary  with  respect  to  heat  treatment,  matrix  struc- 
ture, section  size,  or  chemical  composition  except  for  the  graphitic  car- 
bon content.  The  influence  of  the  graphite  spherulites  in  the  iron  is 
essentially  one  of  reducing  the  effective  cross-sectional  area,  so  that 
the  higher  values  of  modulus  are  obtained  with  the  lower  carbon  irons, 
while  the  lower  values  are  characteristic  of  ductile  irons  with  a higher 
graphitic  carbon  content.  Similarly,  the  modulus  of  elasticity  in  tor- 
sion ranges  from  9.1  million  to  9.5  million.  Poisson’s  ratio  for  nodular 
iron  is  between  0.28  and  0.29. 

V.  COMPRESSIVE  STRENGTH 

The  yield  strength  of  ductile  (nodular)  cast  iron  in  com- 
pression is  equal  to  or  slightly  greater  than  the  yield  strength  in  ten- 
sion (1  to  1.2  times).  The  ultimate  strength  in  compression  is  not  de- 
termined for  ductile  materials. 

VI.  IMPACT  PROPERTIES 

For  many  applications  the  impact  resistance  as  well  as  the 
tensile  ductility  is  a consideration  in  the  evaluation  of  a material.  The 
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percent  elongation  determined  in  the  tensile  test  is  a measure  of  the 
behavior  under  uniaxial  stress  at  low  strain  rates  without  stress  con- 
centrators. Accordingly,  this  criterion  may  be  inadequate  to  predict 
the  actual  deformation  that  is  experienced  by  a part  when  subjected 
to  a high  rate  of  overloading  and  complex  stresses.  The  ability  of  reg- 
ular (ferritic)  irons  and  steels  to  deform  and  absorb  energy  during 
fracture  is  also  influenced  by  temperature.  For  this  reason,  impact 
tests  are  conducted  over  a range  of  testing  temperatures,  so  that  the 
fracture  varies  from  a ductile  type  with  high  energy  absorption  and  a 
fibrous  fracture  appearance,  to  a brittle  type  with  low  fracture  energy 


Fig.  18.  Transition  Impact  Curves  for  Ferritic  Nodular  Iron  with 
Notched  and  Unnotched  Specimens(12).  The  notch  raises  the  transi- 
tion temperature  as  well  as  decreases  the  energy  value.  (Note  the 
two  vertical  scales.) 


and  a crystalline  fracture  appearance.  The  temperature  range  over 
which  the  fracture  changes  from  ductile  to  brittle  is  known  as  the  tran- 
sition temperature  range.  These  temperatures  vary  for  different  fer- 
ritic materials  and  is  influenced  by  microstructure  and  composition. 
The  irons  with  an  austenitic  matrix,  such  as  the  high  nickel  “Ni- 
Resist”  ductile  irons,  do  not  exhibit  this  abrupt  transition.  It  has  been 
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Fig.  19.  Dimen- 
sions of  the  V- 
NotchedCharpy- 
Type  Impact 
Test  Piece. 
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shown  that  metals  exhibiting  lower  transition  temperatures  are  less 
susceptible  to  brittle  failure  in  severely  stressed  applications,  than  are 
similar  materials  that  exhibit  higher  transition  temperatures. 

The  influence  of  a notch  on  the  impact  energy  absorbed 
during  fracture  and  on  the  transition  temperature  from  ductile  (high 
energy)  to  brittle  (low  energy)  fracture  is  demonstrated  for  a ferritic 
ductile  (nodular)  iron  in  Figure  18.  (The  British  Cast  Iron  Research 
Association’s  1/2"  x %"  Charpy  V-notched  test  piece  is  shown  in  Fig- 
ure 19.)  Even  though  the  fractured  area  of  the  notched  specimens 
was  considerably  larger  than  in  the  unnotched  specimens,  the  em- 
brittling influence  of  a notch  is  indicated  by  the  lower  absorbed  energy 
during  ductile  fracture  and  the  higher  transition  temperature  with 
the  notched  specimen.  Gilbert'12*  has  shown  that  the  unnotched  im- 
pact test  largely  measures  the  energy  required  to  initiate  a crack,  and 
that  the  notched  bar  impact  test  largely  measures  the  energy  required 
to  propagate  a crack,  since  the  work  done  in  initiating  a crack  is  rela- 
tively low  because  of  the  stress  concentrating  effect  of  the  notch.  It 
has  also  been  stated  as  a result  of  explosion  tests'13*  that  ductile  cast 
irons,  in  the  absence  of  sharp  cracks,  are  capable  of  enduring  consid- 
erable abuse  before  failure.  This  work  indicates  that  ductile  iron  is 
capable  of  withstanding  considerable  shock  in  service  and  demon- 
strates that  the  transition  temperature  is  an  important  criterion  in 
evaluating  behavior  under  shock  loads. 

The  impact  resistance  of  ductile  irons  as  indicated  by  the 
transition  temperature  and  absorbed  energy  is  considerably  influenced 
by  both  the  structure  and  composition.  It  has  been  demonstrated  on 
tests  with  %"  diameter  unnotched  specimens,  Figure  20'14*,  and  with 
standard  Charpy  V-notch  bars,  Figure  21<13*,  that  fully  ferritic  ductile 
irons  have  the  best  toughness,  and  that  the  toughness  decreases  with 
increasing  amounts  of  pearlite  in  the  matrix  microstructure.  Increas- 
ing quantities  of  both  phosphorus  and  silicon  also  reduce  the  impact 
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Test  Temperature  ° C 
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Fig.  20.  The  Influence  of  Matrix  Microstructure  on  the  Impact 
Strength  of  Ductile  (Nodular)  Irons*14).  Increasing  amounts  of 
pearlite  (in  place  of  all  ferrite)  affect  the  strength  and  transition 
temperature  of  unnotched  0.625"  dia.  Charpy-type  bars  broken  on  a 
3"  span. 
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Fig.  21.  The  Effect  of  Matrix  Microstructure  on  Impact  Strength  of  Ductile  (Nod- 
ular) Iron  in  the  Standard  10mm,  V-Notched  Charpy  Test  Bar(13). 
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Fig.  22.  The  Effect  of  a Difference  in  the  Phosphorus  Content  on  the  Im- 
pact Properties  of  Two  Annealed,  Ferritic  Ductile  (Nodular)  Irons!14) 
(V-Notched  BCIRA  Charpy  Test  Bars). 


resistance  of  nodular  iron.  The  superiority  of  a 0.08%  phosphorus  nod- 
ular iron  compared  with  an  iron  containing  0.16%  P is  shown  in  Fig- 
ure 22,  and  the  effect  of  increasing  the  silicon  content  from  1.0%  to 
2.0%  to  2.7%  in  reducing  the  toughness  is  shown  in  Figure  23<14).  The 
influence  of  silicon  and  phosphorus  in  reducing  the  impact  resistance 
has  been  shown  with  Charpy  V-notch  tests  by  other  investigators'13). 
Normal  variations  in  manganese,  nickel,  or  copper  content,  however, 
have  not  shown  any  significant  effect  on  toughness'13). 

The  strength  of  iron  can  be  increased  and  good  toughness 
maintained  by  special  heat  treating  techniques.  Conventional  austen- 
itizing treatment  followed  by  quenching  and  tempering  sharply  re- 
duces the  impact  resistance,  because  of  the  high  combined  carbon  con- 
tent that  is  retained  by  quenching'15).  However,  it  has  been  demon- 
strated that  the  employment  of  a low,  partially  austenitizing  temper- 
ature for  quenching  will  yield  good  toughness,  as  measured  by  a spe- 
cially notched  specimen  in  a drop  weight  test.  This  toughness  can  be 
obtained  with  tensile  strengths  up  to  90,000  psi<15>.  The  partial  austen- 
itizing treatment  also  permits  water  quenching  without  cracking. 
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Test  Temperature  °C 
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Fig.  23.  The  Effect  of  Silicon  Content  on  the  Impact  Properties  of 
Annealed,  Ferritic  Ductile  (Nodular)  Iron  (14)  (V-Notched  BCIRA 
Charpy  Test  Bars). 

VII.  ENDURANCE  (FATIGUE)  PROPERTIES 

Metals  can  fracture  because  of  cyclic  loading  or  repeatedly 
varying  stresses  which  at  the  maximum  were  considerably  below  the 
yield  strength.  This  type  of  fracture  is  called  a fatigue  failure.  The 
fracture  resembles  that  of  a brittle  material  even  when  it  occurs  in 
very  ductile  metals.  A failure  by  fatigue  is  related  directly  to  the 
stress  and  the  number  of  cycles.  Stress  concentrators,  such  as  notches, 
are  detrimental  to  fatigue  life,  but  the  speed  of  the  loading  cycle  and 
the  occurrence  of  “rest”  periods  are  not  critical. 

As  the  maximum  stress  is  reduced,  the  number  of  cycles 
necessary  to  produce  a failure  becomes  much  larger.  The  highest 
stress  at  which  the  number  of  cycles  for  failure  approaches  infinity 
(generally  in  excess  of  10  million)  is  called  the  endurance  limit.  The 
endurance  ratio  is  the  relation  between  the  endurance  limit  and  the 
tensile  strength  of  a material. 

Most  of  the  data  on  fatigue  strength  have  been  obtained 
with  the  rotating  beam  type  test  where  the  maximum  stress  alter- 
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Fig.  24.  A Typical  S-N 
Graph  of  Data  for  Deter- 
mining the  Fatigue  Prop- 
erties of  an  Annealed  Duc- 
tile (Nodular)  Iron(18). 
The  dimensions  of  the  un- 
notched and  notched  test 
bars  are  shown  with  the 
data  determined  with  each 
type  of  bar. 


nates  between  ten- 
sion and  compression. 
A typical  S-N  curve 
on  which  the  stress  is 
plotted  against  the 
number  of  cycles  to 
failure  is  shown  in 
Figure  24<16).  From 
these  results,  the 
unnotched  endurance 
limit  is  indicated  to 
be  28,000  psi.  This  is 
the  maximum  stress 


at  which  a fatigue  Tensile  Strength  68,500  psi 

failure  should  not  Unnotched  Endurance  Limit 28,000  psi 

. . Endurance  Ratio  41 

occur  under  Similar  Notched  Endurance  Limit  16, 800  psi 

conditions  in  any  Notch  Sensitivity  Ratio  1.67 

number  of  cycles. 


Since  this  particular  ductile  (nodular)  iron  has  a tensile  strength  of 
68,500  psi,  its  endurance  ratio  is  .41.  Several  investigations  have  ob- 
tained endurance  ratios  of  from  .33  to  .52  for  the  different  types  of 
ductile  (nodular)  iron.  The  endurance  limit  increases  with  tensile 
strength,  but  the  increase  is  less  than  proportional. 


Palmer  and  Gilbert (3'10)  have  shown  that  the  endurance 
ratios  for  both  ferritic  (annealed)  and  pearlitic  (as-cast)  irons  de- 
crease with  increasing  tensile  strength,  but  that  each  type  has  a sepa- 
rate relation,  Figure  25. 


The  effect  of  stress  raisers  on  the  endurance  limit  has  been 
evaluated  by  the  use  of  notched  test  bars.  For  this  purpose,  a notch 
is  usually  turned  into  the  circumference  of  an  oversize  bar,  so  that  the 
base  of  the  notch  leaves  a cross-section  equal  to  the  regular,  un- 
notched bars  to  which  the  notched  bars  are  compared.  The  ratio  of  the 
unnotched  to  the  notched  endurance  limit  is  termed  the  notch  sensi- 
tivity factor  or  the  dynamic  stress  concentration  factor.  It  has  been 
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shown  that  this  factor  is  affected  by  the  silicon  content  in  the  pearlitic 
as  well  as  the  ferritic  types  of  ductile  iron.  Palmer  and  Gilbert'16) 
give  typical  values  of  1.6  at  2.0%  silicon  and  1.8  at  a 3.0%  silicon 
content. 

The  fatigue  properties  for  three  types  of  ductile  iron  are 
summarized  in  Table  II'17)  from  the  results  of  over  250  tests  made  by 
the  British  Cast  Iron  Research  Association  with  0.417"  diameter 
Wohler  specimens  as  shown  in  Figure  24.  T.  E.  Eagan'10)  obtained 
similar  data  on  samples  cut  from  production  castings  and  tested  in  a 
large  Moore-type  specimen  with  a one-inch  minimum  diameter. 

The  as-cast  tensile  strength  can  be  appreciably  increased  in 


TABLE  II.  A SUMMARY  OF  FATIGUE  PROPERTIES  OF  DUCTILE  (NODULAR)  IRON 
FROM  OVER  250  TESTS 


TYPE 

TENSILE 

STRENGTH 

S,  (Psi) 

UNNOTCHED  FATIGUE 

45°  V-NOTCHED  FATIGUE 

NOTCH 

SENSITIVITY 

FACTOR 

Se  -f“  S n 

ENDURANCE 

LIMIT 

Se  (Psi) 

ENDURANCE 

RATIO 

Sed-S, 

ENDURANCE 

LIMIT 

S„  (Psi) 

ENDURANCE 

RATIO 

S„-HS, 

60-45-10 

71,000 

30,500 

0.43 

21,000 

0.30 

1.4 

80-60-03 

90,000 

40,000 

0.44 

24,000 

0.27 

1.7 

120-90-02* 

135,000 

49,000 

0.36 

30,000 

0.22 

1.6 

*Oil  quenched  from  1650°F  and  tempered  at  U00°F 
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TABLE  III.  FATIGUE  DATA  ON  HARDENED  AND  TEMPERED  DUCTILE  (NODULAR) 

IRON 


PROPERTY 

AS-CAST 

QUENCHED  & 
TEMPERED  (a) 

QUENCHED  & 
TEMPERED  (b) 

AS-CAST 

NORMALIZED 

(c) 

BRINELL  HARDNESS  NO. 

Tensile  Strength,  psi 

Percent  Elongation 

255 

96,300 

3% 

295 

134,500 

4% 

350 

149,300 

1-5% 

267 

95,600 

2% 

325 

151,000 

4% 

ENDURANCE  LIMIT: 

Unnotched,  psi 

45°  V-Notched,  psi  .... 

40,300 

25,800 

49,300 

30,200 

49,300 

28,200 

43,700 

30,200 

49,300 

30,200 

ENDURANCE  RATIO: 
Endurance  Limit.  . 

Tensile  Strength.  . 

0.42 

0.37 

0.33 

0.46 

0.33 

NOTCH  SENSITIVITY: 
Unnotched  Endurance 

Notched  Endurance 

1.56 

1.63 

1.76 

1.44 

1.63 

a.  Oil  Quenched  from  1 650°F.  (900°C).  Tempered  2 hours'at  1 1 1 0°F.  (600°C). 

b.  Oil  Quenched  from  1 650°F.  (900°C).  Tempered  2 hours  at  1 020°F.  (550°C). 

c.  Normalized  from  1 650°F.  in  7/8"  x 7/8"  x 8-1/2"  pieces. 


heat  treating  by  normalizing  or  by  oil  quenching  and  tempering,  but 
the  fatigue  strength  is  not  increased  to  the  same  degree.  This  is  shown 
by  the  test  data'3-22*  summarized  in  Table  III. 

Shot-peening  or  rolling  of  the  surface  is  known  to  increase 
the  endurance  limit  of  a part.  Gilbert (21)  found  surface  rolling  to  be 
very  effective  in  increasing  the  fatigue  strength  of  V-notched  ductile 
(nodular)  iron  fatigue  test  specimens.  The  endurance  limit  of  the 
pearlitic  (higher  strength)  type  was  increased  as  much  as  140%  and 
the  ferritic  (high  ductility)  type  190%  when  the  V-notch  in  the  cir- 
cumference of  the  test  bars  was  rolled  with  a formed  roller  under 
pressure.  More  than  60%  increase  in  the  endurance  limit  was  obtained 
with  a rolling  pressure  that  was  insufficient  to  depress  the  surface  a 
measurable  amount.  The  higher  values  of  endurance  were  obtained 
when  the  notched  diameter  (0.417")  was  reduced  0.021"  by  rolling. 

VIII.  ELEVATED  TEMPERATURE  PROPERTIES 

Elevated  temperature  service  of  ductile  (nodular)  iron 
involves  not  only  a consideration  of  mechanical  properties  (stress  rup- 
ture or  creep),  but  thermal  stability  as  well.  Thermal  stability,  i.e., 
such  factors  as  microstructural  stability,  scaling  resistance,  etc.,  is 
discussed  first,  since  it  may  assume  a major  role  in  defining  the  high 
temperature  mechanical  properties,  particularly  of  the  pearlitic  grades. 
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Fig.  26.  Effect  of  Time 
at  1380  °F  on  the  Extent 
of  Graphitization  and 
Room  Temperature 
Tensile  Properties  of  a 
Pearlitic  Ductile  (Nod- 
ular) Iron. 


A.  THERMAL  STABILITY  ... 

1.  Microstructural  Stability:  The  pearlitic  ductile  (nodu- 
lar) irons  are  microstructurally  stable  up  to  about  800 °F.  At 
higher  temperatures  up  to  about  1500  °F  the  cementite  in  the  pearlite 
first  spheroidizes,  then  eventually  separates  (graphitizes)  into  ferrite 
and  graphite,  the  graphite  precipitating  onto  the  original  graphite 
spherulites.  The  pearlite  graphitizes  gradually  at  1000  °F,  and  com- 
pletely in  a matter  of  100  hours  at  1200°F<33>  or  40  hours  at  1380°F,45), 
Figure  26.  Above  1500  °F  the  microstructure  transforms  to  one  con- 
sisting of  austenite  plus  graphite.  Upon  subsequent  cooling  to  room 
temperature  (without  quenching)  the  graphite  spheres  will  be  dis- 
persed in  a matrix  of  all  ferrite,  ferrite-pearlite  or  all  pearlite,  depend- 
ing on  the  cooling  rate.  Higher  silicon  contents  and  slower  cooling, 
such  as  in  annealing,  favor  ferrite  formation.  Increased  manganese 
content  and  more  rapid  cooling  as  in  air  (normalizing)  increase  the 
amount  and  fineness  of  pearlite  in  the  matrix  microstructure.  Temper- 
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atures  below  the  critical  (1500°F)  tend  to  decrease  the  combined  car- 
bon content  (amount  of  pearlite  present)  while  heating  above  the 
critical  temperature  increases  the  combined  carbon  content. 

The  ferritic  (annealed)  ductile  irons  containing  21/2% 
silicon  are  stable  up  to  1500 °F,  the  start  of  the  ferrite-to-austenite 
phase  transformation.  Silicon  raises  the  critical  temperature,  e.g.,  a 
four  percent  silicon  iron  starts  to  transform  at  about  1600  °F.  Heat- 
ing ferritic  ductile  iron  into  the  austenite  range  above  the  critical 
and  subsequently  cooling  will,  of  course,  produce  a similar  microstruc- 
ture to  that  obtained  by  thermally  treating  a pearlitic  grade  in  the 
same  manner. 

2.  Dimensional  Stability  (Growth):  Ductile  (nodular) 
irons  show  much  less  tendency  to  increase  in  dimensions  or  grow  at 
elevated  temperatures  than  do  flake  graphite  irons <32).  The  amount  of 
growth  depends  upon  composition  and  microstructure,  time,  tempera- 
ture, and  whether  the  heating  is  at  constant  temperature  or  under 
cyclic  conditions. 

The  growth  of  ductile  irons  which  have  been  subjected 
to  a constant  temperature*32- 3S-  34>  is  shown  in  Figure  27.  Under  these 
conditions,  it  is  indicated  that  the  growth  mechanism  and  the  subse- 
quent amount  of  growth  are  strongly  dependent  on  whether  the  hold- 


Fig.  27.  Growth 
of  Ductile  Irons 
Held  at  Constant 
Temperatures. 


Sample 


Chemical  Analyses 


No. 

%C 

%Si 

1 

3.3 

2.5 

2-4 

3.7 

2.6 

5 

3.5 

2.6 

6-7 

3.4 

2.2 

%Mn 

%P 

%Ni 

.7 

.21 

.4 

1 C 

.5 

1 2 

1.5 

.5 

.13 

1.9 
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ing  temperature  is  above  or  below  the  critical  temperature  of  about 
1500°F<33'  35>.  Below  1500°F  the  indications  are  that: 

a.  Ferritic  (annealed)  ductile  iron  is  essentially  free  from 
growth. 

b.  Pearlitic  (normalized)  and  mixed  ferritic-pearlitic  struc- 
tures (as-cast)  experience  growth  by  graphitization. 
The  theoretical  maximum  growth  by  this  mechanism  is 
about  1 % for  a fully  pearlitic  structure.  Actual  growth 
values  reported  are  of  the  order  of  1/4-1/2%  for  very  long 
heating  times. 

Above  1500°F  the  indications  are  that: 

a.  All  ductile  irons  may  grow  substantial  amounts,  with 
the  pearlitic  structures  (as-cast  or  normalized)  showing 
more  growth  than  the  ferritic  (annealed)  grades. 

b.  With  pearlitic  (as-cast)  material,  thin  sections  grow 
more  than  thick  sections <35*.  For  temperatures  as  high 
as  1800 °F  for  1 to  2 hours,  thin  sections  (4"  or  less  in 
thickness  grow  about  1 % ; thicker  sections  grow  about 

%%. 

c.  Silicon  increases  the  resistance  to  growth. 

The  growth  mechanism  above  1500°F  is  complex.  Growth 
could  occur  by  one  or  more  of  the  following  mechanisms  operating 
simultaneously : graphitization,  oxide  penetration,  and  carbon  solution 
in  the  austenite.  The  graphitization  mechanism  appears  unlikely  since 
ferritic  ductile  iron  grows  above  1500°F<32*.  Nor  does  oxide  pene- 
tration appear  to  play  a major  role  since  growth  occurs  in  an  inert 
atmosphere*35*.  Growth  by  graphite  solution  in  the  austenite  is  a strong 
possibility,  since  this  is  an  expansion  process*30*.  Furthermore,  dilato- 
metric  studies*35*  have  shown  that  the  expansion  resulting  from  carbon 
entering  into  solution  is  retained,  even  after  the  carbon  is  precipitated 
on  slow  cooling  to  room  temperature. 

Under  cyclic  heating  (and  cooling)  conditions,  ductile 
iron  may  grow  more  than  under  isothermal  conditions.  The  growth 
below  1500  °F  is  limited,  as  in  the  case  of  isothermal  heating,  to  a 
theoretical  maximum  of  1 % by  the  graphitization  mechanism.  Above 
1500°F  ductile  cast  iron  can  continue  to  grow  with  repeated  heating 
and  cooling.  As  much  as  3%  total  growth  is  indicated  under  certain 
conditions*36'37*. 
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The  growth  mechanism  under  cyclic  conditions  at  high 
temperatures  has  not  been  completely  explained.  From  the  available 
data  it  would  appear  that  each  cycle  of  heating  and  cooling  contributes 
an  increment  to  the  overall  growth.  For  each  cycle  it  is  possible  that 
growth  occurs  when  graphite  dissolves  in  the  austenite,  and  that  this 
growth  is  retained  on  cooling  below  the  critical  temperature.  At  the 
same  time  there  is  a loss  of  carbon  from  the  surface  due  to  decarburi- 
zation. Thus,  continued  solution  and  loss  of  carbon  on  each  subsequent 
cycle  may  cause  continued  growth <36*.  The  use  of  carbide  stabilizers 
such  as  chromium  and  molybdenum  is  limited  by  other  property  con- 
siderations, but  they  inhibit  growth,  as  does  nickel  when  added  in  suffi- 
cient quantity  to  keep  the  structure  austenitic  at  all  temperatures'38*. 


3.  Scaling  Resistance:  Ductile  (nodular)  iron  shows  good 
scaling  resistance  in  air  at  elevated  temperatures,  being  more  re- 
sistant than  plain  and  low  alloy  flake  graphite  irons  and  low  carbon 
wrought  and  cast  steels*37’39*.  The  superiority  of  the  ductile  irons  may 
be  attributed  to  the  greater  silicon  content  and  to  the  modification  of 
the  graphite  to  the  spheroidal  form. 

The  presence  of  carbon  in  ductile  iron,  as  in  any  fer- 
rous material,  complicates  the  scaling  behavior  above  1300°F.  The 
evolution  of  CO  and  C02  (decarburization)  hinders  to  some  extent  the 
formation  of  protective  oxide  layers  and  may  cause  cracks  and  blisters 
in  the  scale. 

The  form  in  which  carbon  is  present  in  cast  irons  is  also 
very  important.  With  gray  iron,  the  many  graphite  flakes  allow  for 
easy  entry  of  oxygen  into  the  interior  of  the  iron,  resulting  in  growth, 
since  the  volume  of  the  metal  oxide  is  greater  than  the  volume  of 
metal  it  replaces.  The  growth  in  turn  may  crack  the  outer  scale,  thus 
accelerating  the  rate  of  oxidation.  Ductile  iron  has  good  resistance 
to  scaling  because  oxygen  is  not  absorbed  as  readily  with  spherulitic 
graphite*1*. 

The  scaling  rate  of  ductile  iron  in  air  has  been  deter- 
mined, using  weight-gain  or  loss-in-metal-thickness  as  a measure  of 
the  scaling  resistance.  No  systematic  attempt  has  been  made  in  any  of 
the  studies  to  separate  the  competing  processes  that  are  operative 
during  scaling.  For  example,  overall  weight-gain  measurements*37* 
during  scaling  of  various  ductile  irons,  Figure  28,  show  that  the 
weight  loss  through  decarburization  of  high  silicon  grades  can  exceed 
the  weight-gain  of  metal  oxide  formation,  resulting  in  an  overall  neg- 
ative weight-gain. 
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Fig-.  28.  The 
Change  in  Weight 
for  Several  As- 
Cast  Ductile 
(Nodular)  Irons 
When  Held  in  Air 
at  1600  "F. 


Silicon  is  very  effective  in  promoting  scaling  resistance*41) 
as  shown  in  the  three-dimensional  plot  of  weight-gain,  silicon  con- 
tent, and  temperature  in  Figure  29.  The  type  of  scale  formed  on  duc- 
tile iron  determines  the  scaling  rate,  since  the  scale  controls  the 
diffusion  of  metal  ions  outward  and/or  the  diffusion  of  oxygen  ions  in- 
ward. As  the  silicon  content  in  the  metal  increases,  the  scale  changes 
in  composition  from  one  consisting  primarily  of  iron  oxides  to  one 
composed  essentially  of  silicates  (or  silica).  The  latter  scale  exhibits 
high  resistance  to  the  passage  of  metal  and  oxygen  ions,  thus  lower- 
ing the  scaling  rate. 


Fig.  29.  Effect  of 
Silicon  on  the 
Scaling  Resist- 
ance of  Ductile 
(Nodular)  Iron  in 
Air. 
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Fig.  30.  Hot  Tensile  Properties  of  a Ferritic  Ductile  (Nodular)  Iron  with  6.44% 
Si  (1.31%  Ni). 


The  heat-resistant  grades  of  ductile  iron  containing  5-6% 
silicon  show  a minimum  weight-gain  in  scaling  tests  and  are  used  suc- 
cessfully in  the  temperature  range  1300-1650°F;  however,  these  ma- 
terials lack  ductility  at  room  temperature,  Figure  30,  and  have  rela- 
tively poor  thermal  shock  resistance.  For  the  best  compromise  between 
mechanical  properties  and  scaling  resistance,  most  heat-resistant 
grades  of  ductile  iron  are  supplied  at  a 3-4.5%  silicon  level<25>. 

4.  Thermal  Shock  Resistance:  Thermal  shock  resistance  is 
the  resistance  to  cracking  under  alternate  heating  and  cooling.  Duc- 
tile iron  containing  normal  amounts  of  silicon  (2.5%)  seems  to 
have  the  best  resistance  to  thermal  shock ua).  Heat  resistant  types  of 
ductile  iron  containing  4-6%  silicon  are  not  recommended  for  ap- 
plications involving  severe  thermal  shock.  For  example,  ferritic  duc- 
tile iron  containing  4.9%  silicon  is  reported  to  have  cracked  badly 
after  only  three  rapid  heatings  (and  cooling)  to  1250°F(36L  Under  the 
same  conditions,  a ferritic  structure  containing  2.9%  silicon  was 
crack-resistant  under  alternate  heating  and  cooling  up  to  1450 °F.  At 
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higher  temperatures  growth  may  set  in.  Maximum  thermal  shock  re- 
sistance is  obtained  with  castings  having  a matrix  microstructure  that 
is  fully  ferritic  (free  of  carbides)  and  containing  a low  silicon  (2.0% 
max.)  and  low  phosphorus  (0.05%  max.)  contents*17). 

Ductile  irons  appear  to  have  an  advantage  in  such  ap- 
plications as  rolls,  where  severe  thermal  shock  initiates  fire  cracks. 
The  spherulites  of  graphite  are  effective  in  limiting  the  depth  of  fire 
cracking  by  acting  as  sinks  for  the  spreading  cracks*43). 

B.  MECHANICAL  PROPERTIES  . . . The  high-temperature  mechanical 
properties  of  ductile  (nodular)  iron  are  strongly  dependent  upon 
composition  and  microstructure.  Unless  otherwise  specified,  the  prop- 
erties reported  herein  refer  to  fully  ferritic  (annealed)  and  fully  pear- 
litic  (normalized)  grades  at  the  following  composition  level : 3.5  - 3.7C ; 
2.5  - 2.7  Si;  0.4  - 0.8  Mn;  0.03  - 0.09  P;  and  0.6  - 1.2  Ni.  No  systematic 
studies  have  been  conducted  on  mixed  ferritic-pearlitic  structures; 
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Fig.  32  Stress  Rupture 
Properties  of  a Type 
60-45-15  Ferritic  Duc- 
tile (Nodular)  Iron 
(Log  Scales). 


however,  it  is  expected  that  these  materials  would  have  intermediate 
properties  to  the  two  regular  grades. 


1.  Hot  Tensile  Properties:  In  short  time  tensile  tests*33- 38-  44> 
pearlitic  ductile  iron  has  higher  strength,  but  lower  ductility  than 
the  ferritic  grade,  Figure  31.  The  strength  as  well  as  the  ductility  of 
both  grades  drops  shallowly  with  increasing  temperatures  up  to  about 
800°-1000°F.  At  higher  temperatures  the  ductility  of  both  grades 
rises  sharply  as  the  strength  continues  to  drop  rather  steeply.  The  hot 


Fig.  33.  Stress  Rupture 
Properties  of  a Normal- 
ized, Pearlitic  Ductile 
(Nodular)  Iron  (Log 
Scales). 
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Fig.  34.  The  Mini- 
mum Creep  Rate 
Versus  Applied 
Stress  for  Ferritic 
Ductile  (Nodular) 
Irons  at  Tempera- 
tures from  700  to 
1200°F  (Log  Scales). 


tensile  strength  of  a heat-resistant,  ferritic  6.4%  Si  iron  falls  off 
rather  gradually  with  temperature,  Figure  30;  however,  the  ductility 
of  this  material  is  practically  nil  up  to  temperatures  as  high  as  1200 °F, 
at  which  point  the  ductility  rises  sharply*41). 

2.  Stress  Rupture : Stress  rupture  properties  of  ferritic  and 
pearlitic  ductile  irons*33'44)  are  shown  in  Figures  32  and  33,  re- 
spectively. Pearlitic  ductile  cast  iron  is  superior  to  the  ferritic  grade ; 
however,  the  magnitude  of  the  superiority  drops  with  increasing  tem- 
perature since  the  pearlitic  grade  is  microstructurally  unstable,  grad- 


Fig.  35.  The  Mini- 
mum Creep  Rate 
Versus  Applied 
Stress  for  a Pearli- 
tic Ductile  (Nodu- 
lar) Iron  at  800, 
1000,  and  1200°F 
(Log  Scales). 
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Fig.  36.  Summary 
of  Hot  Tensile, 
Stress  Rupture, 
andCreep  (0.0001% 
hr.)  Strength  of 
Ferritic  and  Pear- 
litic  Ductile  (Nod- 
ular) Iron. 


ually  changing  to  a ferritic  structure.  The  properties  of  the  two  grades 
approach  each  other  at  about  1200°F,  Figure  36. 

3.  Creep:  The  creep  properties  of  ductile  iron*23’33-44) 
assembled  in  Figures  34  and  35  indicate  that  the  pearlitic  structure  is 
superior  to  the  ferritic  structure  up  to  about  800°F  (see  Figure  36). 
At  higher  temperatures  the  microstructurally  unstable  pearlite  in  the 
pearlitic  grades  gradually  graphitizes,  resulting  in  a ferritic  structure 
and  an  apparently  lower  creep  strength  than  the  standard  ferritic 
grade.  This  reversal  of  superiority  above  800 °F  is  due  to  the  fact  that 
the  creep  rate  of  pearlitic  ductile  iron  consists  of  growth  superimposed 
on  normal  creep  behavior. 

Small  additions  of  molybdenum  and  copper  are  very  effec- 
tive in  promoting  creep  resistance  of  ductile  iron,  Figure  34.  For 
example,  ferritic  ductile  iron  containing  0.81%  molybdenum  has 
a creep  strength  (0.0001%/hr.)  of  27,000  psi  at  800°F,  compared 
with  a value  of  14,000  psi  for  the  unalloyed  grade.  Additions  of  chro- 
mium, nickel,  manganese  and  possibly  phosphorus,  would  also  be  ex- 
pected to  increase  the  creep  as  well  as  the  shorter  time  properties*38). 

A comparison  of  the  hot  tensile,  stress  rupture,  and  creep 
strength  of  ferritic  and  of  pearlitic  ductile  iron  is  summarized  in 
Figure  36. 
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IX.  PHYSICAL  PROPERTIES 

In  contrast  to  the  mechanical  properties  the  physical  prop- 
erties of  ductile  (nodular)  iron — electrical  resistivity,  thermal  con- 
ductivity, etc. — are  only  mildly  sensitive  to  microstructure  and  chemi- 
cal composition. 

A.  ELECTRICAL  RESISTIVITY  . . . Ductile  (nodular)  iron  is  approxi- 
mately a 50%  better  electrical  conductor  than  gray  iron  of  equivalent 
chemical  composition  and  matrix  microstructure'24*.  The  slight  in- 
fluence of  composition  and  microstructure  on  the  resistivity  (recipro- 
cal of  conductivity)  of  ductile  iron  from  numerous  sources'24'25’26*  is 
shown  in  Figure  37. 

For  a given  composition  a ferritic  matrix,  as  in  the  high 
ductility  types,  denotes  the  lowest  resistivity.  The  presence  of  pearlite 
in  as-cast  structures  or  after  normalizing  indicates  a higher  resistiv- 
ity, fine  pearlite  offering  more  resistance  than  coarse  pearlite.  Heat 
treatment  designed  to  give  a martensitic  structure  should  result  in 
still  higher  values  of  resistivity. 

For  a given  microstructure,  an  increase  in  total  carbon  con- 
tent raises  the  resistivity.  All  elements  such  as  silicon  and  nickel, 


Fig.  37.  Effect  of 
Silicon  Content  and 
Microstructure  on 
the  Electrical  Re- 
sistivity of  Ductile 
(Nodular)  Iron  at 
Room  Temperature. 
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Fig.  38.  Magneti- 
zation Curves  for 
Various  Ductile 
(Nodular)  Irons. 
Chemical  Composi- 
tions are  listed  by 
letter  in  Table  IV. 


which  enter  into  solid  solution  in  the  ferrite,  raise  the  resistivity.  As 
in  gray  iron,  a one  percent  rise  in  silicon  content  of  ductile  iron  in- 
creases the  resistivity  about  20  microhm-cm. 


B.  MAGNETIC  PROPERTIES  . . . The  magnetic  properties,  like  the  elec- 
trical resistivity,  show  some  dependency  on  microstructure  and  chem- 
ical composition.  From  the  available  data'24. 25,  ae,  27)  magnetization 
curves  for  various  ductile  irons  have  been  assembled  in  Figure  38; 
hysteresis  loops  in  Figure  39;  and  permeability  curves  in  Figure 
40.  The  chemical  composition  and  hysteresis  loss  properties  for  these 
materials  are  listed  in  Table  IV. 


Fig.  39a.  Hystere- 
sis Curves  for  Sev- 
eral Ductile  (Nod- 
ular) Irons.  Chemi- 
cal compositions 
are  listed  by  letter 
in  Table  IV. 
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Fig.  39b.  Hystere- 
sis Curves  for  Sev- 
eral Ductile  (Nod- 
ular) Irons.  Chemi- 
cal compositions 
are  listed  by  letter 
in  Table  IV. 


For  a given  chemical  composition,  the  higher  magnetic  in- 
duction and  permeability  values  are  obtained  with  ferritic  ductile 
iron.  The  pearlitic  ductile  irons  have  higher  hysteresis  losses.  In 
comparison  with  comparable  flake-graphite  gray  iron,  the  ductile 
irons  show  higher  induction  and  higher  maximum  permeability  values, 
but  the  graphite  shape  has  a negligible  effect  on  the  coercive  force  or 
residual  magnetism. 

For  a given  microstructure,  the  available  data  permit  only 
qualitative  evaluation  of  the  effects  of  composition  on  the  magnetic 
properties.  These  are  listed  in  Table  V. 


Fig.  39c.  Hystere- 
sis Curves  for  Sev- 
eral Ductile  (Nod- 
ular) Irons.  Chemi- 
cal compositions 
are  listed  by  letter 
in  Table  IV. 
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Fig.  39d.  Hystere- 
sis Curves  for  Sev- 
eral Ductile  (Nod- 
ular) Irons.  Chemi- 
cal compositions 
are  listed  by  letter 
in  Table  IV. 


Fig.  40.  Magnetic 
Permeability  of 
Various  Ductile 
(Nodular)  Irons. 
Chemical  compo- 
sitions are  listed 
by  letter  in  Table 
IV. 


C.  THERMAL  EXPANSION  . . . The  mean  coefficient  of  linear  expansion 
of  ductile  (nodular)  iron,  Table  VI,  increases  gradually  with  increas- 
ing temperature <-5>.  Heat  treatment  and  compositional  variations 
within  the  normal  range  have  a negligible  effect*28-29). 
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TABLE  IV:  MAGNETIC  HYSTERESIS  LOSS  VALUES  FOR  SEVERAL  COMPOSITIONS 
OF  DUCTILE  IRON  124,25,  26) 


HIGH  DUCTILITY  TYPES 
(FERRITIC  MATRIX) 

HIGHER  STRENGTH  TYPES 
(PEARLITIC  MATRIX) 

A 

B 

c 

D 

E 

F 

G 

CHEMICAL  ANALYSIS  -% 

Total  Carbon 

3.64 

3.3 

2.84 

3.3 

2.90 

Combined  Carbon.. 

0.06 

0.0 

0.19 

0.7 

0.72 

Silicon 

1.41 

2.4 

2.61 

3.1 

2.4 

2.61 

3.1 

Nickel 

0.03 

0.7 

2.23 

0.7 

2.18 

HYSTERESIS  LOSS 

(W-Sec/cyc)lb. 

Induction,  B 

1 0,000  gauss 

0.0286 

0.0466 

0.0348 

0.202 

0.1  234 

12,100 

0.19 

13,100 

0.047 

15,000 

0.0439 

0.2009 

D.  THERMAL  CONDUCTIVITY  . . . The  thermal  conductivity  of  ductile 
(nodular)  iron  of  a given  microstructure  and  composition,  Table  VII, 
is  about  20%  less  than  that  of  the  corresponding  matrix  structure 
in  gray  iron  with  flake  graphite <25’ 28-  30*. 

The  interrelated  effects  of  silicon  content  and  microstruc- 
ture <30>  are  indicated  in  Table  VIII.  In  general,  the  thermal  conductiv- 
ity decreases  as  the  silicon  content  increases,  overshadowing  the  in- 
crease in  conductivity  usually  associated  with  a change  from  a pear- 
litic  to  a ferritic  structure. 

E.  DENSITY  AND  SPECIFIC  GRAVITY  . . . The  density  of  ductile  (nodu- 
lar) iron  is  0.257  lb./cu/in.  (444  lbs/cu.ft.)  ; the  specific  gravity 
is  7.1(25-  28>. 

F.  CRITICAL  TRANSFORMATION  TEMPERATURE  RANGE  . . . The  ferrite- 
austenite  transformation  of  ductile  (nodular)  irons  (3.5  C,  2.5  Si) 
takes  place  over  the  temperature  range  1475-1 600  °F.  Heat-resistant 
ferritic  grades  with  an  increased  silicon  content  transform  over  a 
higher  range,  1575-1750°F.  Ternary  constitution  diagrams  of  the  Fe- 
C-Si  system131*  should  be  consulted  for  the  transformation  ranges  of 
other  compositions. 

G.  DAMPING  CAPACITY  . . . Damping  capacity  is  the  ability  of  a ma- 
terial to  absorb  vibrations.  When  a structure  is  subjected  to  forced 
vibrations  severe  stresses  may  be  induced.  Ductile  (nodular)  iron  has 
good  damping  capacity  and  is  effective  in  limiting  vibrations  and 
stresses.  The  relative  damping  capacity  of  gray  iron,  ductile  iron, 
and  cast  steel  stand  in  the  ratio  of  1 to  0.56  to  0.23,  respectively*41*. 
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TABLE  V.  GENERAL  INCREASING  (+)  AND  DECREASING  (-)  EFFECTS  OF  SOME 
ELEMENTS  ON  THE  MAGNETIC  PROPERTIES  OF  DUCTILE  IRON  (241 


c 

Si 

Ni 

Mn 

Cr 

Magnetic  Induction 

_ 



_ 

Permeability 

— , 

+ 





_ 

Coercive  Force 

+ 

+ 

+ 

Residual  Magnetism 

+ 

Hysteresis  Loss 

+ 

— 

+ 

+ 

+ 

TABLE  VI:  COEFFICIENT  OF  THERMAL  EXPANSION  FOR  DUCTILE  IRON 
IN  INCH  PER  INCH  PER  DEGREE  FAHRENHEIT  X 1Q-*  (25.  28,  29) 


TEMPERATURE 
RANGE,  °F. 

FERRITIC 

(ANNEALED) 

60-45-10 

PEARLITIC 
(AS- CAST) 
80-60-03 

AUSTENITIC 
20-26%  Ni 

68-212 

6.4 

6.5  - 6.6 

6.4 

6.6  - 7.0 

7.0 

7.3 

7.4 

7.5 

7.7 

2.2  - 10.5 

68-392 

68-572 

68-752 

68-932 

68-1  112 

7.5 

68-1  292 

TABLE  VII:  THERMAL  CONDUCTIVITY  OF  DUCTILE  IRON 
(CAL/SQ.CM/ CM/°C/SEC)  AT  VARIOUS  TEMPERATURES  (28,  29) 


MATRIX  STRUCTURE 

100°C 

200°C 

300°C 

400°C 

.0845 

.075 

.0837 

.0763 

.0829 

.0766 

.0821 

.0761 

TABLE  VIII:  THERMAL  CONDUCTIVITY  (K)  OF  VARIOUS  DUCTILE  IRONS 
(CAL/SQ.CM/CM/°C/SEC)  AT  I00°C  (3°) 


NO. 

COMPOSITION* 

TO 

PEARLITE 

% 

FERRITE 

% 

GRAPHITE 

K 

% c 

% Si 

i 

3.57 

1.12 

61 

30 

9 

.0898 

2 

3.56 

2.27 

40 

50 

10 

.0886 

3 

3.47 

3.53 

35 

55 

9 

.0861 

4 

3.36 

4.34 

5 

85 

10 

.0836 

5f 

3.33 

2.28 

85 

5 

10 

.0849 

*0.3  Mn,  0.01  S,  0.03  P,  1.3  Ni,  0.06  Mg. 
fA  commercial  casting  of  0.5  Mn  and  0.05  P. 
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PART  3.  WHITE  AND  HIGH  ALLOY  CAST  IRONS 

I.  INTRODUCTION 

The  properties  of  gray  irons  can  be  altered  by  chang- 
ing the  chemical  composition  of  the  metal  or  by  changing  the  rate 
at  which  it  solidifies  in  the  mold,  and  the  resulting  castings  have 
properties  that  are  not  typical  of  the  regular  gray  irons.  White  and 
high  alloy  cast  irons  are  produced  by  these  techniques,  and,  having 
different  properties,  are  given  separate  consideration.  The  white 
irons,  used  principally  for  their  excellent  wear  and  abrasion  resist- 
ance, contain  essentially  no  graphite  (the  carbon  is  chemically  com- 
bined so  the  fractured  surface  of  the  metal  has  a white  color).  The 
various  high  alloy  cast  irons,  both  gray  and  white,  are  used  in  appli- 
cations requiring  corrosion  resistance,  heat  resistance,  wear  resist- 
ance, low  thermal  expansion,  or  non-magnetic  properties. 

Irons  which  are  intermediate  between  white  and  gray  are 
called  mottled  iron,  but  a precise  definition  for  separating  low  alloy 
from  high  alloy  iron  is  impractical,  since  there  are  many  intermediate 
gradations.  Low  alloy  gray  iron  castings  (or  colloquially,  alloy  iron 
castings)  are  those  which  have  the  characteristic  properties  normally 
associated  with  gray  iron  and  in  which  alloying  elements  are  used  to 
modify  or  intensify  these  characteristic  properties.  Generally,  these 
castings  are  specified  on  the  basis  of  the  desired  properties,  the  use  of 
alloys  being  at  the  discretion  of  the  foundry.  High  alloy  irons  are 
those  with  unique  properties  which  are  not  characteristic  of  regular 
gray,  ductile,  or  white  irons.  High  alloy  irons  are  generally  specified 
by  trade  names,  or  on  the  basis  of  chemical  analysis.  Several  of  these 
that  contain  graphite  are  available  with  the  graphite  in  the  spheroidal 
as  well  as  the  flake  form.  Usually,  the  quantity  of  alloying  elements 
in  high  alloy  iron  is  too  large  to  be  introduced  as  a ladle  addition, 
and  must  be  melted  with  the  base  metal. 

II.  WHITE  AND  CHILLED  CAST  IRON 

A.  INTRODUCTION  . . . White  iron  castings  are  produced  by  con- 
trolling the  chemical  analysis  of  the  metal  and  the  rate  of  solidifica- 
tion so  that  virtually  all  of  the  carbon  exists  in  the  combined  form. 
This  combined  carbon,  present  in  the  microstructure  as  carbide,  makes 
the  iron  very  hard  and  wear  resistant,  with  a high  compressive 
strength,  but  low  in  impact  resistance  and  machinability.  The  addi- 
tion of  alloying  elements  changes  the  structure  of  both  the  carbide 
and  matrix  microconstituents  and  improves  the  properties  for  many 
applications'1).  The  metal  is  called  white  cast  iron  because  of  its  char- 
acteristic white  appearance  on  a fractured  surface. 

A chilled  iron  casting  is  essentially  a composite  of  gray 
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and  white  iron.  Adjustment  of  the  chemical  analysis,  casting  against 
metal  or  graphite  chills  embedded  in  sand  molds,  or  casting  into  metal 
molds  will  cause  the  iron  near  the  chill  surfaces  to  solidify  rapidly  and 
become  white  iron.  The  metal  away  from  the  chill  will  solidify  more 
slowly  and  become  gray  iron.  A mottled  iron  may  be  formed  in  an 
intermediate  zone  between  the  white  and  gray  iron. 

B.  UNALLOYED  WHITE  AND  CHILLED  CAST  IRONS  . . . The  hardness 
and  transverse  strength  of  white  iron  and  the  depth  of  the  white  iron 
layer  in  chilled  iron  is  regulated  by  the  chemical  composition  of  the 
metal  and  casting  conditions  such  as  the  rate  of  cooling.  A high  car- 
bon content  is  employed  in  castings  requiring  a maximum  hardness, 
but  with  a lower  impact  strength,  whereas  a lower  carbon  content  is 
utilized  for  improved  strength  at  a lower  hardness  level.  A Brinell 
hardness  number  of  350  for  the  chilled  zone  of  low  carbon  irons  is 
increased  to  over  500  BHN  for  the  higher  carbon  contents,  but  the 
tensile  strength  may  be  50,000  psi  for  the  lower  carbon  iron  and  only 
30,000  psi  with  the  higher  carbon  content*2!. 

The  chemistry,  properties,  and  uses  of  these  irons  are 
shown  in  Table  I.  The  maximum  section  thickness  of  completely 
white  iron  castings  is  generally  between  1/2  and  6 inches  and  gen- 
erous fillets  are  advisable  in  all  angles.  Although  the  hardness  and 
strength  are  generally  high,  the  impact  resistance  may  be  less  than 
one-third  that  of  gray  iron,  and  the  uses  are  limited  to  applications 
involving  little  shock.  The  majority  of  white  iron  castings  can  not 
be  machined  economically,  so  the  necessary  finishing  is  commonly 
done  by  grinding. 

Chilled  iron  solidifies  as  gray  iron  in  sections  of  the  cast- 
ing away  from  the  chilled  surfaces,  and  these  sections  have  a lower 
hardness  and  good  machinability.  The  chilled,  white  iron  surfaces 
provide  a hard  layer  for  wear  resistance  and  the  softer  interior  pro- 
vides considerable  cushioning  effect  under  shock  loads.  The  rapid 
solidification  of  the  white  iron  layer  produces  a fine  grain  structure 
with  enhanced  wear  and  abrasion  resistance.  The  cross-section  of  a 
chilled  iron  railroad,  freight  car  wheel,  ground  and  acid  etched,  is 
shown  in  Fig.  1.  The  white,  mottled,  and  gray  iron  areas  are  evident. 
The  relative  size  of  the  Brinell  test  impressions  demonstrates  the 
large  difference  in  hardness. 

The  mechanical  properties  of  unalloyed  white  or  chilled 
cast  irons  can  be  considerably  changed  by  heat  treatment*4).  The 
variable  solidification  rates  of  the  different  zones  in  chilled  iron  fre- 
quently produce  residual  stresses  of  considerable  magnitude.  These 
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stresses  can  be  removed  by  a stress  relieving  heat  treatment  that 
results  in  improved  strength  and  toughness  without  appreciable  loss 
in  wear  resistance. 


TABLE  I.  TYPES,  COMPOSITION,  PROPERTIES,  AND  USES  OF  WEAR  AND  ABRASION 
RESISTANT  CHILLED,  UNALLOYED  AND  ALLOYED  WHITE  IRONS 


PROPERTY 

TYPES  OF  CAST  IRON 

Analysis: 

Unalloyed 

Chilled 

(1,  3) 

Unalloyed 
White 
(1,  3) 

Ni-Hard 

(5) 

High 

Chromium 

(6,  8) 

Molybde- 

num 

(7) 

% Carbon 

% Silicon 

% Manganese 

% Nickel 

% Chromium 

% Copper 

% Molybdenum 

3.00-3.60 

0.50-1.60 

0.25-0.70 

Residual 

2. 8-3. 6 
0.5-1. 3 
0.4-0. 9 

Residual 

2. 8-3. 6 

0. 4-0.7 

0. 2-0.7 
2.50-4.75 

1. 2-3.5 

1. 8-3.5 
0.5-2. 5 
0.3-1. 0 
0-5 
10-35 

0-3 

0-3 

1. 7-3.7 
0.3-2. 6 
0.2-1. 5 

0-5 

0-6 

0-1.5 

0.3-12.0 

Brinell  Hardness  No 

350-575 

300-575 

525-600 

250-700 

350-700 

Tensile  Strength 

(in  1 ,000  psi) 

20-40 

20-50 

40-75 

23-90 

25-60 

Transverse  Test:* 

Load-Lbs 

Deflection-In 

2000-2800 
.03-. 1 2 

2200-3000 
.03-.  15 

4000-7000 
.08-. 1 2 

2000-3500 
.06-. 1 5 

1400-3200 
.05-. 1 5 

Charpy  Type  Impactf 

Ft.-Lbs 

3. 5-8.0 

3.5-10.0 

20-55 

10-35 

10-25 

Density-Lbs.  per  cu.  in 

.274-. 280 

.274-. 281 

.275-. 280 

.264-. 280 

.275-. 285 

Coefficient  of  Thermal  Ex- 
pansion at  Room  Tem- 
perature, 10-6  Inches 
per  F 

5. 1-5.3 

5.0-5.3 

4. 5-5.0 

5. 2-5. 5 

Electrical  Resistivity 

Microhms/cc 

5. 0-5. 3 

5.0 

80 

* Standard  1.2"  diameter  bar  loaded  in  center  of  18"  span. 

t 1.2"  diameter  unnotched  bar  broken  on  6"  supports  (Plain  gray  iron  has  25-35  ft/lbs.) 


TYPE 

USES 

Unalloyed  White  and 

Chilled  Iron 

Various  abrasion  resistant  purposes,  such  as  sludge  pump  liners, 
jaw  crusher  plates,  grinding  mill  liners,  grinding  balls,  abrasive 
handling  equipment. 

Martensitic  Alloyed 

Iron  (Ni-Hard) 

Excellent  wear  resistance,  used  for  grinding  balls,  mill  liners,  pulver- 
izer rings  and  roll  heads,  slurry  pump  parts,  elbows,  metal  working 
rolls,  etc. 

Martensitic  Alloyed  Iron 
(High  Chromium) 
(Molybdenum) 

Heat,  abrasion  and  corrosion  resistance,  including  augers,  grinding 
balls,  liners,  shot  blasting  nozzles  and  blades,  jaw  crusher  plates, 
rolls,  valve  seat  inserts,  plates,  deep  well  pump,  slurry  pump  parts, 
etc. 
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Fig-.  1.  Section  of  a Chilled 
Iron  Wheel  for  a Railroad 
Freight  Car. 


The  relative  size  of  the  Bri- 
nell  test  impressions  indi- 
cates the  difference  in  hard- 
ness, in  the  stress-relief -an- 
nealed condition:  White  iron 
section  was  400-415;  mottled 
zones  were  172-183;  gray- 
portion  165. 


Unalloyed  white  iron,  both  chill  and  sand  cast,  is  primarily 
utilized  for  applications  requiring  wear  and  abrasion  resistance  with- 
out high  strength  and  impact  resistance.  White  iron  castings  are  also 
successfully  employed  for  applications  at  elevated  temperatures  ap- 
proaching the  critical  range  (up  to  1200°F)  because  they  do  not 
suffer  drastic  loss  of  hardness  at  these  temperatures  as  do  hardened 
carbon  and  low  alloy  steels.  Although  completely  white  cast  irons  are 
somewhat  limited  in  application  because  of  the  lack  of  impact  re- 
sistance and  machinability,  they  are  used  in  equipment  handling  abra- 
sive materials,  such  as  liners  in  ore  and  cement  mills,  grinding  balls, 
chutes  and  conveying  equipment,  ceramic  dies,  side  plates,  and  im- 
pellers. Chilled  iron  with  a soft  interior  is  widely  used  for  car  and 
crane  wheels,  pulverizer  and  muller  rolls,  conveyor  rollers,  and  other 
material  handling  equipment,  since  the  unchilled  surfaces  of  the  cast- 
ing can  be  readily  machined  to  fit  other  parts.  Figure  2 shows  various 
chilled  iron  parts. 

C.  ALLOYED  WHITE  AND  CHILLED  IRON  . . . Alloy  additions  to 
white  and  chilled  irons  alter  the  properties  by  changing  the  micro- 
structure. The  composition  of  the  carbides  becomes  more  complex  and 
the  matrix  structure  is  changed  from  coarse  pearlite  to  an  acicular 
structure  of  bainite  or  martensite.  With  higher  alloy  contents  some 
austenite  may  be  retained.  (Austenitic  irons  are  considered  in  the 
subsequent  sections.)  The  influence  of  alloys  on  strength,  hardness, 
impact,  wear,  corrosion,  and  heat  resistance  allows  a development  of 
the  proper  combination  of  properties  for  long  service  life  and  permits 
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Pig.  2.  Typical  Commercial  Chilled  White  Iron  Castings. 


a wider  range  of  suitable  applications.  The  type  and  extent  of  change 
in  the  properties  depends  on  the  particular  alloy  or  alloy  combina- 
tion and  the  amount  of  these  additions.  Because  of  the  large  varia- 
tions in  alloy  combinations,  there  are  a considerable  number  of  dif- 
ferent white  and  chilled  alloy  irons  in  use.  However,  these  irons  may 
be  divided  into  two  groups,  depending  on  whether  the  alloy  additions 
and  rate  of  cooling  produce  a matrix  microstructure  which  is:  (a) 
predominantly  fine  pearlite  or  bainite,  or  (b)  martensite. 

Alloy  additions  exert  a considerable  effect  on  the  depth  of 
chill,  as  well  as  on  the  properties  of  the  iron.  In  addition  to  carbon 
and  silicon,  the  chill  depth  is  decreased  by  additions  of  aluminum, 
titanium,  cobalt,  nickel,  phosphorus,  copper  (under  4%)  and  zir- 
conium (in  order  of  effectiveness).  The  depth  of  chill  is  increased  by 
additions  of  vanadium,  chromium,  molybdenum,  and  manganese  (also 
in  order  of  effectiveness).  Both  tellurium  and  boron  are  very  power- 
ful carbide  stabilizers,  and  extremely  small  amounts  can  increase  the 
depth  of  chill,  but  they  must  be  used  under  closely  controlled  condi- 
tions to  prevent  a sharp  reduction  in  impact  resistance. 

Thus,  the  selection  of  a suitable  type  or  analysis  of  iron 
depends  upon  the  foundry  techniques  involved  in  producing  the  cast- 
ing as  well  as  the  properties  desired  in  the  finished  casting. 

1.  Low  Alloy  White  and  Chilled  Iron:  Small  additions  of 
nickel,  chromium,  copper,  and  molybdenum,  singly  or  in  combination, 
are  frequently  made  to  the  unalloyed  chilled  and  white  irons  to  en- 
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hance  their  properties,  as  shown  in  Table  I.  Alloy  additions  affect  the 
depth  of  chill  that  may  be  obtained  as  well  as  the  properties  of  the 
iron.  Combinations  of  alloys  such  as  nickel-chromium  or  copper- 
chromium  are  used,  since  the  relative  amounts  of  each  can  be  adjusted 
to  control  the  chill  depth  and  also  obtain  considerable  increase  in 
hardness,  strength,  or  service  life.  Small  additions  of  chromium  to- 
gether with  molybdenum  are  used  to  improve  both  strength  and  hard- 
ness. Numerous  applications  are  reported (M.s.5.6,7)  where  the  addition 
of  up  to  1.5%  chromium  alone  or  in  combination  with  up  to  2.5% 
nickel,  0.6%  molybdenum,  or  0.2%  vanadium  have  greatly  improved 
the  service  life  of  white  and  chilled  irons. 

2.  Martensitic  White  and  Chilled  Iron:  The  addition  of 
larger  amounts  of  nickel  in  the  3 to  5%  range  and  1.5  to  3.5  % chro- 
mium to  white  and  chilled  iron  produce  a much  harder  matrix  struc- 
ture, known  as  martensite.  The  appearance  of  the  microstructure  is 
shown  in  Figure  3.  The  amount  of  alloy  employed  depends  upon  the 
chilling  rate  of  the  casting  and  final  application.  Martensitic  irons 
frequently  contain  considerable  retained  austenite  in  their  “as-cast” 
matrix.  This  austenite  will  transform  to  martensite  by  work  harden- 
ing, but,  when  the  resulting  stresses  are  undesirable,  the  austenite 
can  be  transformed  by  tempering  or  a sub-zero  temperature  treat- 
ment prior  to  service.  These  alloys  are  known  under  a number  of  trade 
names,  the  most  common  being  Ni-Hard.  They  are  widely  used  for 
grinding  balls  and  liners  in  grinding  cement,  ores  and  minerals,  and 


Fig.  3.  Photomicrograph  of  a High  Nickel-Chromium  White 
Iron  (Ni-Hard),  500X,  Shows  the  Typical  Carbides  in  a Matrix 
of  Martensite. 
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Pig.  4.  Typical  Application  of 
a High  Nickel  - Chromium 
White  Iron  (Ni-Hard):  Ring 
for  a Poultry  Feed  Grinder. 


foi  wearing  parts  in  the  pulverizing,  pumping,  mixing  and  conveying 
of  abrasive  materials  such  as  the  feed  grinding  ring  shown  in  Figure 
4.  The  lange  of  analyses  and  properties  of  these  types  of  iron  is  shown 
in  Table  I.  Some  martensitic  irons  employ  up  to  1%  molybdenum, 
either  to  improve  wear  resistance  or  as  a substitute  for  some  of  the 
nickel  additions*7).  These  irons  are  considerably  more  wear  resistant, 
harder,  stronger  and  tougher  than  unalloyed  irons,  and  are  also  su- 
perior to  the  pearlitic  low  alloy  irons  that  do  not  have  a matrix  of 
martensite. 


Chilling  refines  the  grain  and  further  improves  the  me- 
chanical properties  of  the  alloy  white  irons <«>.  Published  data  show 
considerably  higher  hardness,  strength,  and  toughness  in  the  chill  cast 
condition  compared  to  sand  cast.  Alloy  compositions  designed  to  pro- 
duce martensitic  white  iron  adjacent  to  chills  and  gray  iron  with  a 
martensitic  matrix  away  from  the  chills  are  widely  used  for  rolls  in 
both  steel  and  non-ferrous  rolling  mills. 

Martensitic  white  irons  with  high  chromium  and  high 
molybdenum  contents  are  employed  in  applications  requiring  resis- 
tance to  very  severe  wear  and  abrasion.  The  composition  and  proper- 
ties of  these  types  of  iron  are  included  in  Table  I.  Irons  of  the  inter- 
mediate 3 to  10%  chromium  content  find  limited  use,  since  they  offer 
little  advantages  over  lower  alloy  types.  High  chromium,  martensitic 
white  irons  containing  from  10  to  35%  chromium,  with  up  to  4% 
molybdenum  in  some  cases,  have  shown  superior  wear  resistance  in 
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abrasive  grinding  and  handling  equipment.  The  high  molybdenum, 
martensitic  irons  which  usually  contain  chromium  and  nickel,  as  in- 
dicated in  Table  I,  find  some  use  where  extreme  wear  resistance  is 
required.  Because  of  their  high  alloy  content  these  irons  frequently 
have  a microstructure  which  has  considerable  retained  austenite  in 
the  martensite.  This  characteristic  may  provide  limited  machinability. 
The  residual  austenite  is  converted  to  martensite  by  work  hardening 
in  use  or  by  heat  treatment  prior  to  installation.  The  heat  treatment 
is  desirable  for  castings  to  be  used  where  abrasion  by  fine  particles 
or  slurries  is  encountered  without  sufficient  impact  to  promote  work 
hardening. 

In  general  the  unalloyed  or  low  alloy  white  or  chilled  irons 
may  be  more  economical  for  applications  in  which  the  wear  is  caused 
by  another  surface  or  the  abrasion  of  relatively  large  sized  materials. 
Where  the  casting  is  subjected  to  wear  or  erosion  on  a microscopic 
basis  by  the  action  of  very  fine  abrasive  materials,  such  as  slurries, 
the  use  of  a medium  or  high  alloy  iron  which  has  a microstructure  of 
carbides  and  martensite  is  probably  preferable. 

Wear  resistance  is  primarily  a condition  of  service,  rather 
than  the  property  of  a material,  and  the  problem  of  material  selec- 
tion is  often  complicated  by  other  factors  such  as  corrosion  or  cavi- 
tation. 


III.  CORROSION  RESISTANT  ALLOY  CAST  IRONS 

Regular  gray  iron  generally  exhibits  good  corrosion  re- 
sistance as  compared  to  other  unalloyed  ferrous  metals'1--3'.  Under 
some  conditions  considerable  improvement  in  corrosion  resistance  is 
obtained  by  relatively  small  alloy  additions'3-9-10*.  However,  for  many 
corrosive  media  and  particularly  at  elevated  temperatures,  the  high 
alloy  irons  are  used  and  provide  satisfactory  to  excellent  service  in 
resisting  corrosion. 

There  are  four  alloying  elements  which  are  generally  util- 
ized singly  or  in  combinations  to  enhance  corrosion  resistance  in  cast 
iron:  silicon,  nickel,  chromium,  and  copper'11'.  Silicon  is  normally  pres- 
ent in  all  cast  irons  (up  to  3%)  but  in  larger  percentages  is  considered 
an  alloying  element.  It  promotes  the  formation  of  a protective  surface 
film  under  oxidizing  conditions  such  as  when  exposed  to  oxidizing 
acids.  Nickel  improves  resistance  to  reducing  acids  and  has  a high 
resistance  to  caustic  alkalis.  Chromium  assists  in  forming  a protec- 
tive oxide  and  improves  resistance  to  oxidizing  acids,  although  it 
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is  of  little  benefit  under  reducing  conditions.  Copper  improves  resis- 
tance to  sulphuric  acid  to  a lesser  extent.  Molybdenum  finds  some  use 
in  combination  with  high  silicon.  There  are  a large  number  of  cor- 
rosion resistant  alloy  irons  available  with  different  alloy  contents,  but 
they  may  be  considered  under  three  general  classifications. 

A.  High  silicon  cast  irons  with  a ferritic  matrix. 

B.  High  chromium,  ferritic  cast  irons. 

C.  High  nickel,  austenitic  irons,  frequently  containing  cop- 
per or  chromium. 

Table  II  presents  typical  compositions  of  the  various  types, 
with  some  significant  properties  and  uses  of  the  castings. 

A.  HIGH  SILICON  IRONS  . . . High  silicon  irons,  commercially 
known  as  Duriron  or  as  Durichlor  with  a 3.5%  Mo  addition,  find  wide 
use  for  handling  corrosive  acids.  With  a silicon  content  of  14.5%  or 
higher,  these  irons  exhibit  a very  high  resistance  to  boiling  30% 
sulphuric  acid'11*.  A silicon  content  of  16.5%  is  very  effective  in  re- 
ducing corrosion  by  boiling  nitric  and  sulphuric  acid  at  nearly  all  con- 
centrations, although  the  resistance  varies  somewhat  with  the  con- 
centration of  the  acid.  The  14%  silicon  iron  is  not  as  effective  against 
the  corrosive  action  of  hydrochloric  acid,  but  can  be  improved  by  the 
addition  of  3.5%  molybdenum  and  even  further  enhanced  by  increas- 
ing the  silicon  to  17%.  These  irons  are  useful  for  solutions  containing 
copper  salts  or  “free”  wet  chlorine,  but  their  resistance  to  strong  hot 
caustics  is  not  satisfactory  for  most  purposes.  High  silicon  cast  irons 
are  very  resistant  to  organic  acid  solutions  at  any  concentration  or 
temperatures,  but  are  inferior  to  plain  gray  iron  in  resistance  to 
alkalis'12*. 

The  high  silicon  irons  have  the  disadvantage  of  poor  me- 
chanical properties,  particularly  low  shock  resistance.  In  addition, 
they  are  difficult  to  cast  and  are  virtually  unmachinable.  In  spite  of 
these  difficulties,  their  outstanding  corrosion  resistance  to  acid  media 
has  led  to  considerable  use  of  these  irons.  They  are  considered  the 
standard  material  for  drain  pipe  in  chemical  plants  and  laboratories. 

B.  HIGH  CHROMIUM  IRONS  . . . The  high  chromium  alloy  cast 
irons  (20  to  35%  Cr)  are  similar  in  many  aspects  to  the  high  silicon 
irons,  since  they  give  good  service  with  oxidizing  acids,  particularly 
nitric  acid,  but  are  not  resistant  to  reducing  acids'6'11'.  These  irons  are 
also  reliable  for  use  in  weak  acids  under  oxidizing  conditions,  numer- 
ous salt  solutions,  organic  acid  solutions,  caustic  soda  solutions  and 
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TABLE  II.  TYPE,  COMPOSITION,  PROPERTIES  AND  USES  OF  CORROSION 
RESISTANT  ALLOY  CAST  IRONS 


PROPERTY 

TYPES  OF  CAST  IRON 

Analysis: 

High  Silicon 
(Duriron)(2,  1 1 ) 
(Durichlor) 

High  Chromium 
(1,  2,  6,  1 1) 

High  Nickel 
(Ni-Resisf)(12) 

% Carbon 

% Silicon 

% Manganese 

% Nickel 

% Chromium 

.4-1.0 

14-17 

.4-1.0 

1. 2-2.5 
.5-2.5 
.3-1.0 

0-5 

20-35 

1. 8-3.0 
1.0-2.75 
.4-1.5 
14-30 
.5-5.5 

0-7 

0-1 

% Molybdenum 

0-3.5 

Brinell  Hardness  Number 

450-500 

290-400 

100-230 

Tensile  Strength  (in  1,000  psi)..  . 

13-18 

30-90 

25-45 

Compressive  Strength 

(in  1 ,000  psi) 

100- 

100-160 

Transverse  Test:* 

Load-Lbs 

Deflection-Inches 

1200-1600 

2000-3500 
.06-.  15 

1800-3000 

.20-1.00 

Charpy  Type  Impactf 

Ft.-Lbs 

2-4 

20-35 

60-150 

Density-lbs.  per  cu.  in 

.252-. 254 

.260-. 280 

.264-. 270 

Coefficient  of  Thermal  Expansion 
at  Room  Temperature,  1 0'6 
Inches  per  °F 

6.70 

5.2-5.5 

4.5-10.7 

* Standard  1.2"  diameter  bar  loaded  in  center  of  18"  span, 
f 1.2"  diameter  unnotched  bar  broken  on  6"  supports  (Plain  Gray  Iron  has 

25-35  ft/lbs.) 

TYPE 

USES 

High  Silicon — Duriron 

with  Molybdenum — Durichlor 

Corrosion  resistant  applications  for  many  acids, 
copper  salt  solutions,  free  wet  chlorine  solutions. 

High  Chromium 

Corrosion  resistant  uses  for  numerous  acids,  in- 
cluding nitric,  phosphoric,  acetic,  lactic,  and 
numerous  corrosive  salt  solutions. 

High  Nickel — Ni-Resist 

Corrosion  resistant  applications  for  handling 
sulphuric,  hydrochloric,  some  phosphoric  and 
organic  acids,  alkalis  and  caustics  as  well  as 
numerous  salt  solutions  in  chemical,  food,  auto- 
motive, marine  and  petroleum  industries. 

for  general  exposure  to  the  atmosphere  (12b  Chromium  irons  are  com- 
plementary to  high  silicon  irons  in  handling  nitric  acids,  since  the 
former  exhibit  excellent  corrosion  resistance  at  all  concentrations  and 
temperatures,  except  for  boiling  concentrated  acids,  whereas  the  latter 
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yield  better  results  in 
stronger  acid.  The  lower 
carbon  grades  are  satisfac- 
torily employed  for  anneal- 
ing pots,  lead  or  aluminum 
melting  pots,  conveyor 
links,  and  other  parts  ex- 
posed to  corrosion  at  high 
temperatures.  Since  the 
corrosion  resistance  is 
imparted  by  chromium 
present  in  solid  solution  in 
the  ferrite,  it  is  desirable  to 
add  a sufficient  quantity  to 
combine  with  the  carbon  as 
chromium  carbide  and  have 
the  desired  amount  remain- 
ing in  the  ferrite.  Fre- 
quently, 30  to  33%  chro- 
mium is  employed  in  irons 
for  use  under  severe  cor- 
rosive conditions.  Figure  5 shows  photographs  of  high  chromium  cast 
iron  pump  impeller  and  housing  used  in  handling  large  quantities  of 
corrosive  and  abrasive  slurries  in  the  lead,  aluminum,  and  cement 
industries. 

Chromium  cast  irons  have  improved  mechanical  proper- 
ties compared  to  the  high  silicon  irons.  Tensile  strengths  as  high  as 
70,000  psi  are  obtained  with  a range  of  Brinell  hardness  of  290  to  340. 
Regular  chromium  irons  are  resistant  to  shock  and  are  machinable, 
but  a lower  carbon  content  (approximately  1.2%  C)  improves  both  of 
these  properties. 

C.  HIGH  NICKEL  IRONS  . . . High  nickel,  austenitic  cast  irons, 
known  commercially  by  the  registered  name  of  Ni-Resist,  are  widely 
used  for  their  corrosion  resistant  properties.  A typical  microstructure 
for  this  type  of  austenitic  gray  iron  is  shown  in  Figure  6.  These  irons 
are  produced  in  several  compositions  and  grades  depending  upon  the 
desired  properties  and  use  of  the  castings'-11-13).  Austenitic  gray 
irons  containing  large  percentages  of  nickel  and  copper  are  fairly  re- 
sistant to  mildly  oxidizing  acids  including  dilute  to  concentrated  sul- 
phuric at  room  temperature,  to  hydrochloric,  and  some  phosphoric 
acids  at  slightly  elevated  temperatures.  The  corrosion  behavior  of 
Ni-Resist  is  similar  to  plain  unalloyed  gray  iron  in  the  presence  of 
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Fig.  6.  Typical  Microstructure  of  Austenitic  Gray  Iron  (Ni-Resist)  550X. 


nitric  acid*12*.  However,  this  cast  metal  exhibits  better  corrosion  re- 
sistance than  18-8  stainless  steel,  although  not  as  good  as  high  silicon 
irons*12)  for  both  sulphuric  and  hydrochloric  acids  under  the  condi- 
tions shown  in  Figures  7 and  8.  These  nickel  alloy  cast  irons  exhibit 
a fair  resistance  to  some  organic  acids  such  as  acetic,  oleic,  stearic, 
and  red  oils.  When  the  nickel  content  is  18%  or  more,  the  irons  are 
nearly  immune  to  the  effects  of  weak  or  strong  alkalis  and  caustics, 
although  subject  to  stress  corrosion  in  strong  hot  caustics  at  stresses 
over  10,000  psi. 

The  austenitic  nickel  gray  irons  are  the  toughest  of  all  the 
cast  irons  containing  flake  graphite.  The  tensile  strength  has  a rela- 
tively low  range,  20,000-40,000  psi,  but  since  this  is  accompanied  by 
satisfactory  toughness,  excellent  machinability,  and  good  foundry 
properties,  these  irons  are  very  serviceable*141.  Figure  9 shows  an  un- 
machined pump  housing  employed  for  sea  water  and  Figure  10  is  of 
salt  filter  grid  castings.  Both  of  these  parts  are  cast  from  high  nickel, 
copper  iron  and  are  examples  of  the  corrosion  resistant  applications 
of  this  material. 

High  nickel  austenitic  irons  which  have  been  especially 
treated  so  that  the  graphite  occurs  as  spheroids  rather  than  as  flakes 
have  essentially  the  same  corrosion  resistance  as  the  conventional 
flake  graphite  types,  but  also  have  considerably  higher  mechanical 
properties  with  the  addition  of  remarkable  ductility.  These  are  dis- 
cussed further  in  Section  VII. 
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Sulphuric  Acid  -Per  Cent 


Fig.  7.  Compar- 
ative Corrosion 
Resistance  of 
High  Nickel 
(Ni-Resist)  and 
High  Silicon 
(Duriron)  Alloy 
Cast  Irons  and 
Stainless  Steel 
at  Various  Con- 
centrations of 
Sulphuric  Acid 
at  Room  and 
Slightly  Elevat- 
ed Tempera- 

tures<u.i2,i3)_ 


Fig.  8.  Compara- 
tive Corrosion 
Resistance  of 
High  Nickel 
(Ni-Resist)  and 
High  Silicon- 
Molybdenum 
(Durichlor)  Alloy 
Cast  Irons  and 
Stainless  Steel  at 
Various  Concen- 
trations of 
Hydrochloric 
Acid  at  Room  and 
Slightly  Elevated 
Temperatures 

(11,12,13). 


Hydrochloric  Acid  Per  Cent 
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IV.  HEAT  RESISTANT  CAST  IRONS 

The  heat  resisting  properties  of  a cast  iron  are  determined 
by  the  growth  and  scaling  characteristics  and  the  influence  of  ele- 
vated temperatures  on  the  mechanical  properties*1).  Growth  is  a per- 
manent increase  in  volume  that  occurs  in  some  cast  irons  at  elevated 
temperatures  and  is  produced  by  the  expansion  accompanying  graphi- 
tization,  internal  oxidation  of  the  iron,  and  the  expansion  and  con- 
traction at  the  critical  temperature.  Gases  can  penetrate  into  the  sur- 
face of  hot  cast  iron  at  the  graphite  flakes  and  oxidize  the  graphite 
as  well  as  the  iron  and  silicon.  It  is  evident,  therefore,  that  white  irons 
which  do  not  contain  graphite  are  more  resistant  to  growth  than  gray 
irons  and,  therefore,  many  white  irons  can  be  successfully  employed 
at  temperatures  up  to  1400  °F. 

A.  EFFECT  OF  ALLOYS  . . . The  high  temperature  characteristics 
of  cast  irons  can  be  markedly  improved  by  the  addition  of  various 
alloying  elements  singly  and  in  combination.  Silicon  and  chromium  in- 
crease the  resistance  to  heavy  scaling  by  forming  a light  oxide  on 
the  surface  that  is  impervious  to  oxidizing  atmospheres*11*.  Both 
of  these  elements  reduce  the  toughness  and  thermal  shock  resistance 
of  the  metal.  Nickel  has  little  effect  on  the  oxidation  resistance,  but 
increases  the  toughness  and  strength  at  elevated  temperatures. 
Molybdenum  increases  high  temperature  strength.  Aluminum  addi- 
tions reduce  both  growth  and  scaling' 15),  although  the  room  tempera- 
ture mechanical  properties  are  decreased  considerably  by  aluminum 


Fig.  9.  Pump  Hous- 
ing: A High  Nickel- 
Copper  Cast  Iron  Was 
Selected  for  Salt  Serv- 
ice. 
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Fig-.  10.  Salt  Filter  Grid  Castings  Produced  from  a High 
Nickel-Copper  Iron. 


additions.  The  selection  of  an  optimum  alloy  iron  for  elevated  temper- 
ature use  requires  a careful  consideration  of  the  service  conditions, 
so  that  the  properties,  relative  cost,  and  availability  of  the  various 
types  of  irons  can  be  evaluated.  The  following  paragraphs  will  discuss 
many  of  these  significant  factors  for  the  various  types  of  alloy  cast 
irons.  Table  III  contains  a list  of  the  range  of  composition,  properties, 
and  maximum  temperature  of  use  for  these  various  heat  resistant 
irons. 

1.  High  Silicon  Cast  Irons:  Although  intermediate  amounts 
of  silicon  increase  the  rate  of  growth  in  cast  iron  by  faster  graphiti- 
zation,  additions  of  4.5  to  8%  silicon  greatly  reduce  both  scaling  and 
growth.  The  silicon  has  the  added  advantage  of  raising  the  critical 
temperature  to  approximately  1650 °F.,  thereby  increasing  the  oper- 
ating temperature  range  that  may  be  employed  without  encountering 
a phase  change.  This  high  silicon  cast  iron  is  rather  brittle  and  has  a 
low  resistance  to  thermal  shock  at  room  temperature,  but  is  superior 
to  ordinary  gray  iron  over  about  500°F(1B'17).  An  austenitic  5%  sili- 
con, 18%  nickel,  2-5%  chromium  alloy*18.™)  exhibits  considerably 
better  toughness,  and  thermal  shock  resistance.  Both  of  these  irons 
are  British  developments,  the  former  is  known  commercially  as  Silal 
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TABLE  III.  TYPE,  COMPOSITION,  PROPERTIES  AND  USES  OF  COMMERCIAL  HEAT 
RESISTANT  ALLOY  CAST  IRONS 


PROPERTY 

TYPES  OF  CAST  IRON 

Analysis: 

High  Silicon 
Silal,  (11) 

High 

Chromium 

(6,  11) 

High  Nickel 
Ni-Resist 
(13) 

Nickel- 
Chromium- 
Silicon  (18) 

High 

Aluminum 

(15,  23) 

% Carbon 

% Silicon 

% Manganese 

% Nickel 

% Chromium 

1 .6-2.5 

4. 0-6.0 
0.4-0. 8 

1. 8-3.0 
.5-2.5 
0.3-1. 5 

0-5 

15-35 

1. 8-3.0 
1.0-2.75 
.4-1.5 
14-30 
1.75-5.5 
0-7 

0-1 

1. 8-2.6 

5. 0-6.0 
.4-1.0 
13-32 

1. 8-5.5 
0-10 

0-1 

1.3-  1.7 

1. 3- 6.0 
.4-1.0 

% Molybdenum 

18-25 

Brinell  Hardness  Number.  . 

170-250 

250-500 

130-250 

110-210 

180-350 

Tensile  Strength 

(in  1 ,000  psi) 

25-45 

30-90 

25-45 

20-45 

34-90 

Compressive  Strength 
(in  1 ,000  psi) 

90-150 

100- 

100-160 

70-100 

Transverse  Test:* 

Load-Lbs 

Deflection-Inches 

1000-2400 
• 18-.35 

2000-3500 
.06-. 1 5 

1800-3000 

.20-1.00 

1800-2500 

.30-1.40 

Density  Lbs./lnch3 

.245-. 255 

.264-. 270 

.264-. 270 

.265-. 269 

.200-. 232 

Charpy  Type  Impactf 

Ft.-Lbs 

15-23 

20-35 

60-150 

80-150 

Coefficient  of  Thermal  Ex- 
pansion at  Room  Tem- 
perature, 10“6  Inches 
per  F. 

6.0- 

5. 2-5. 5 

4.5-10.7 

7.0-9. 0 

8.5 

Electrical  Resistivity 

Microhms/cc 

140-170 

150-170 

240 

Maximum  Service  Temp.°F.. 

1650 

1800 

1500 

1740 

1800 

* Standard  1.277  diameter  bar  loaded  in  center  of  18,/  span. 

f 1.2,/  diameter  unnotched  bar  broken  on  6"  supports  (Plain  gray  iron  yields  25-35  ft/lbs.) 


TYPE 

USES 

High  Silicon, 

Silal 

Heat  resistant  purposes  such  as  furnace  grates  and  liners,  metal 
supporting  brackets. 

High  Chromium 

Severe  corrosion  and  heat  resistant  service  including  boiler  parts, 
stove  and  furnace  grates,  high  temperature  fittings,  stoker  links 
and  liner  plates. 

High  Nickel,  Ni-Resist 

Nickel-Chromium-Silicon, 

Nicrosilal 

Severe  corrosion,  heat  resistant  applications  such  as  exhaust 
manifolds,  valve  guides,  turbo  supercharger  housings,  steam  lines, 
grates,  stove  tops,  furnace  hoppers,  pump  casing  and  impellers. 

High  Aluminum 

Cast  resistors,  high  temperature  use  in  presence  of  H2S,  S02,  SO3, 
and  other  applications  requiring  scale  resistance. 
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Bars  of  1.2"  diameter  by  6"  long  were  repeatedly  heated  to  1470°F., 
cooled  and  measured. 


and  the  latter  as  Nicrosilal.  They  exhibit  excellent  scaling  resistance 
in  air  up  to  1500°  F.,  and  the  Nicrosilal  can  be  very  successfully  em- 
ployed in  sulphurous  atmospheres.  The  maximum  temperature  for  use 
of  these  irons  is  reported  as  1650 °F  for  the  high  silicon,  and  1740  °F 
for  the  silicon,  nickel,  chromium  graded).  High  silicon  irons  are  also 
available  as  ferritic  ductile  (nodular)  iron.  These  are  discussed  further 
in  Section  VII. 

2.  High  Chromium  Cast  Irons:  Chromium  is  widely  used 
in  heat  resistant  irons  because  of  its  stabilizing  influence  on  carbides, 
which  deters  growth,  and  its  tendency  to  form  a tight,  protective 
oxide.  Substantial  improvement  in  oxidation  resistance  is  obtained  by 
the  use  of  a 0.5  to  1%  chromium  addition  for  many  applications  up  to 
1400°F<8>.  Further  improvement  in  resistance  to  scaling  and  growth 
at  1470  °F  without  excessive  loss  in  toughness  and  machinability  is 
reported  for  cast  iron  additions  up  to  2%  chromium*20).  The  effect  of 
small  chromium  additions  on  the  growth  of  cast  iron  alternately 
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heated  to  1470  °F  and  then  cooled  is  shown  in  Figure  11.  Machinable 
castings  with  considerable  heat  resistance  can  be  obtained  with  rather 
small  additions  of  both  chromium  and  nickel  to  cast  iron*21*.  Chro- 
mium additions  of  15  to  35%  are  employed  for  excellent  oxidation  and 
growth  resistance  at  1800  °F  and  even  up  to  2000  °F  under  atmos- 
pheric and  some  chemical  conditions11.0.11).  The  influence  of  increas- 
ing chromium  additions  on  the  oxidation  loss  at  several  temperatures 
is  shown  in  Figure  12.  The  high  chromium  irons  exhibit  a white 
structure,  as  discussed  in  the  section  on  the  wear  resistant,  white 
irons,  but  they  can  be  produced  with  some  machinability  and  good 
strength  properties*2*.  Low  silicon  and  carbon  contents  are  desirable 
when  toughness  and  thermal  shock  resistance  are  required.  The 
thermal  shock  resistance  of  these  irons  is  good,  but  the  toughness  is 
limited  even  under  the  best  circumstances. 

3.  High  Nickel  Austenitic  Irons:  The  austenitic  cast  irons 
containing  18%  or  more  nickel,  up  to  7%  copper,  and  1.75-4%  chro- 
mium are  among  the  more  versatile  and  widely  used  heat  resistant 


Fig.  12.  The  Influence  of  Chromium  Content  on  the  Oxidation 
Resistance  of  Alloy  Cast  Irons  at  Several  Temperatures  in 
Air(1). 
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irons.  This  type  of  iron  was  described  in  discussing  Ni-Resist  in  the 
section  on  corrosion  resistant  cast  irons.  Ni-Resist  exhibits  good  high 
temperature  scaling  and  growth  resistance  up  to  1500  °F  in  most 
oxidizing  atmospheres,  good  performance  in  steam  service  up  to 
990  °F  and  can  satisfactorily  handle  sour  gases  and  liquids  up  to 
750°F<13>.  The  maximum  temperature  of  use  is  1000°F,  if  appre- 
ciable sulphur  is  present  in  the  atmosphere.  A typical  example  of  the 
use  of  the  heat  resistant  properties  of  nickel-chromium  austenitic 
cast  iron  is  the  diesel  engine  exhaust  manifold  shown  in  Figure  13. 
The  higher  silicon,  austenitic  nickel-chromium  cast  iron  can  be  em- 
ployed at  temperatures  as  high  as  1740°F<22>.  Both  of  these  austen- 
itic irons  have  the  advantage  of  considerably  greater  toughness  and 
thermal  shock  resistance  than  the  other  heat  resistant  alloy  irons, 
although  the  strength  is  rather  low. 

The  spherulitic  graphite  (ductile)  grades  of  the  high 
nickel  austenitic  irons  are  considerably  stronger  than  the  comparable 
flake  graphite  types,  and  also  have  high  ductility.  Tensile  strengths 
of  58,000  to  68,000  psi,  yield  strengths  of  30,000  to  40,000  psi,  and 
elongations  of  10  to  40%  may  be  realized.  (See  Section  VII.) 


Fig.  13.  Diesel  Engine  Exhaust  Manifold  Cast  of  High 
Nickel-Chromium  Austenitic  Iron. 


4.  High  Aluminum  Irons:  Alloy  cast  irons  containing  6 to 
7%  aluminum*15);  18-25%  aluminum*23);  and  12-25%  chromium, 
4-16%  aluminum*15)  have  been  reported  to  have  considerably  better 
resistance  to  scaling  than  several  other  alloy  irons,  including  the  high 
silicon  type.  These  aluminum  containing  irons  have  been  little  used 
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Fig.  14.  Relative 
Resistance  to  Ox- 
idation of  Several 
Alloy  Cast  Irons 
at  1650°F  in 
Air<n>. 


commercially  because  of  their  brittleness  and  casting  problems.  How- 
ever, these  special  irons  offer  possibilities  for  development  for  some 
applications,  and  some  data  on  their  properties  and  uses  have  been 
included  in  Table  III. 

B.  COMPARISON  OF  SCALING  OF  HIGH  ALLOY  IRONS  . . . The  rela- 
tive amount  of  scaling  obtained  with  several  heat  resistant  cast  irons 
at  1650°F  in  air  is  shown  in  Figure  14<n>.  The  largest  gain  in  weight 
is  encountered  by  the  unalloyed  low  silicon,  low  phosphorus  cast  iron 
employed  for  mild  heat-resistant  service.  The  improvement  resulting 
from  the  addition  of  0.8%  chromium  and  1%  nickel  is  indicated,  fol- 
lowed by  the  considerable  benefit  obtained  with  the  14%  nickel,  6% 
copper,  2%  chromium  grade  of  Ni-Resist.  The  high  silicon  iron  (Silal) 
exhibits  excellent  scaling  resistance  under  these  conditions  and,  in 
view  of  its  relatively  low  cost,  this  material  appears  to  be  the  most 
economical  at  this  temperature  for  uses  where  the  lack  of  impact  and 
thermal  shock  resistance  is  not  a problem.  The  high  chromium  irons 
show  very  little  scaling  at  this  temperature.  The  best  iron  of  the  group, 
the  33%  Cr  type,  exhibits  as  good  a resistance  to  scaling  as  heat  re- 
sisting steels,  but,  of  course,  lacks  the  toughness  and  strength  of  these 
materials. 

C.  HIGH  TEMPERATURE  MECHANICAL  PROPERTIES  . . . The  high 
temperature  strength  of  these  alloy  cast  irons  is  an  important  con- 
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sideration  for  many  engineering  purposes.  While  information  on  the 
stress  rupture,  creep,  and  short-time  tensile  strength  of  these  ma- 
terials is  not  plentiful,  several  important  facts  have  been  established. 
A recent  literature  survey  in  this  field124'  concluded  that  small  ad- 
ditions of  chromium  increase  resistance  to  growth,  thermal  shock, 
and  deterioration  of  strength  at  elevated  temperatures.  Molybdenum 
improves  creep  resistance  to  a greater  extent  and  is  most  effective 
in  enhancing  stress-rupture  properties  and  the  short  time  tensile 
strength'8'.  The  austenitic  nickel  irons  yield  good  high  temperature 
properties,  although  the  creep  resistance  of  the  high  silicon  austenitic 
iron  is  poor  under  some  conditions.  The  high  silicon  ferritic  irons, 
however,  generally  show  good  creep  resistance.  Copper  and  small 
nickel  additions  have  little  effect  on  the  mechanical  properties  at  high 
temperatures.  A graphitizing  pre-anneal  below  the  critical  tempera- 
tures improves  the  creep  and  growth  properties  of  plain  and  low  alloy 
irons'22). 

The  optimum  creep,  stress-rupture,  and  thermal  shock 
properties  for  alloy  cast  irons  appear  to  be  obtained  with  the  chro- 
mium, molybdenum,  high  nickel,  austenitic  alloys'21),  although  good 
high  temperature  properties  are  also  reported  for  cast  irons  contain- 
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ing  7%  aluminum.  The  results  of  short-time  tensile  tests  at  elevated 
temperatures  for  the  plain,  low  alloy  high  chromium  and  Ni-Resist 
cast  irons,  provide  some  indication  of  relative  performance  and  are 
shown  in  Figure  i5a.13.25).  \yhile  the  strength  levels  of  the  auste- 
nitic Ni-Resist  are  relatively  low,  compared  to  the  high  strength  plain 
and  low  alloy  irons  at  lower  temperatures,  the  loss  in  strength  of 
these  irons  at  temperatures  over  900  °F  is  much  less  than  that  en- 
countered with  the  plain  or  low  alloyed  types  (1>.  The  high  temperature 
strength  of  the  high  chromium  iron  also  does  not  decrease  as  rapidly 
as  the  lower  alloy  irons  at  elevated  temperatures.  The  creep  of  some 
alloy  irons  has  been  investigated  at  842°  and  1000°F(22>.  Replot- 
ting<n)  some  of  these  results  obtained  at  1000°F,  as  shown  in  Figure 
16,  indicates  the  relative  creep  obtained  with  several  irons.  The  im- 
proved creep  resistance  of  the  alloy  irons  is  evident,  although  the 
creep  rate  is  fairly  high  at  this  temperature  for  even  the  best  iron 
and  is  inferior  to  cast  18-8  stainless  steels. 

V.  HIGH  STRENGTH  GRAY  IRONS 

The  strength  of  cast  irons  can  be  increased  by  close  con- 
trol of  the  analysis  of  unalloyed  gray  irons,  special  inoculation,  the 
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Fig’.  17.  The  Microstructure  of  a Nickel-Molybdenum  Low  Alloy 
Gray  Iron  with  an  Acicular  Matrix  Structure,  Etched  500X. 


addition  of  alloys,  or  a combination  of  these  factors.  The  main  effect 
of  alloy  additions  to  cast  iron  is  to  reduce  the  influence  of  section  size 
to  yield  a more  homogeneous  structure  and  a corresponding  increase 
in  mechanical  properties(lsh  Nickel,  copper,  chromium,  molybdenum, 
and  vanadium  either  singly  or,  to  a greater  extent  in  combination,  are 
used  for  this  purpose.  Low  alloy  cast  irons  for  high  strength  engineer- 
ing purposes  can  be  produced  with  tensile  strengths  up  to  100,000 
psi(14’18).  These  irons  usually  possess  a so-called  acicular  matrix  struc- 
ture, which  increases  the  strength  and  toughness  and  still  maintains 
some  machinability(11).  A photomicrograph  of  a nickel-molybdenum, 
low  alloy  iron,  with  a strength  of  70,000  psi  and  exhibiting  this  acicular 
structure  is  shown  in  Figure  17.  When  sufficient  alloy  is  added  to  pro- 
duce a martensitic  structure,  the  iron  is  non-machinable  and  becomes 
a wear  and  abrasion  resistant  material,  as  discussed  in  that  section. 
The  addition  of  alloys  to  cast  iron  also  improves  the  properties  obtained 
from  subsequent  heat  treatment  operations  as  described  in  the  chapter 
on  the  Heat  Treatment  of  Gray  Iron. 

VI.  SPECIAL  PURPOSE  ALLOY  CAST  IRON 

A few  alloy  cast  irons  are  produced  for  special  applica- 
tions. A group  of  high  nickel  cast  irons  have  been  developed  for  use 
in  equipment  that  requires  controlled  expansion  or  special  magnetic 
or  electrical  properties.  Details  on  the  composition,  properties  and 
some  uses  for  these  irons  are  listed  in  Table  IV.  The  austenitic  type, 
high  nickel  cast  irons  also  provide  better  low  temperature  shock  re- 
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TABLE  IV.  COMPOSITION,  PROPERTIES  AND  USES  OF  SPECIAL  PURPOSE  CAST  IRONS  <'2> 


PROPERTY 

TYPE  OF  CAST  IRON 

Analysis: 

High  Nickel  (12) 
Low  Expansion 

High  Nickel  (1  2) 
Special  Magnetic  & 
Electrical  Properties 

% Carbon 

% Silicon 

% Manganese 

% Nickel 

% Chromium 

% Copper 

2.40  Max. 

1. 0-2.0 
.4-. 8 

34-36 
.1  Max. 

.5  Max. 

3.00  Max. 

1. 0-2.5 
.8-1.5 
13.5-22. 
1.75-2.50 

0-7.5 

Brinell  Hardness  Number 

100-125 

125-170 

Tensile  Strength  (in  1,000  psi)... 

20-25 

25-30 

Compressive  Strength 

(in  1 ,000  psi) 

80-100 

100-120 

Transverse  Test  * 

Load-Lbs 

Deflection-Inches 

1800-2000 

.5-1.0 

2000-2200 
.3-. 6 

Charpy  Type  Impact  f Ft-Lbs... 

150 

100 

Coefficient  of  Thermal  Expansion 
at  Room  Temp.  1 0-6  Inches 
per  F 

2.2 

10.4-10.7 

Density  Lbs./lnch3 

.268 

.264 

Electrical  Resistivity  microhms/cc.. 

160-170 

140-170 

Magnetic  permeability 

Magnetic 

1.03 

* Standard  1.2"  dia.  bar  loaded  in  center  of  18"  span, 
f 1.2"  dia.  unnotched  bar  broken  on  6"  supports  (Plain  Gray  Iron  has 

25-35  ft/lbs.) 

TYPE 

USES 

High  Nickel, 

Low  Expansion 

Low  expansion  uses,  accurate  machine 
parts,  instruments,  forming  dies,  glass 
molds,  etc. 

High  Nickel,  Special 

Magnetic  & Electrical 

Properties 

High  electrical  resistance,  low  thermal 
coefficient  of  electrical  resistance,  non- 
magnetic purposes,  such  as  resistance 
grids,  magnetic  clutch  & brake  parts, 
electric  furnace  parts,  etc. 

sistance  than  other  cast  irons,  and,  therefore,  may  be  employed  for 
low  temperature  impact  service. 

A.  LOW  THERMAL  EXPANSION  CAST  IRON  . . , High  nickel  alloy 
cast  irons  of  the  Ni-Resist  type  can  be  produced  with  either  a low 
coefficient  of  thermal  expansion  for  precision  machines  or  with  a 
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controlled  high  expansivity  for  matching  other  metals  of  different 
characteristics*13*.  It  is  possible  to  produce  castings  with  thermal  ex- 
pansion coefficients  from  2.2  to  10.6  x 10"°  per  degree  Fahrenheit,  by 
changing  the  alloy  content  of  these  irons.  Pertinent  data  on  the  alloy 
cast  irons  with  high  expansion  or  controlled  medium  expansion  are 
listed  in  Table  III  with  the  other  heat  resistant  irons.  A special  high 
nickel  iron  as  shown  in  Table  IV  may  be  employed  where  dimensional 
stability  is  required. 

B.  NON-MAGNETIC,  HIGH  ELECTRICAL  RESISTANCE  IRONS  . . . High 
nickel  cast  irons  have  a high  specific  electrical  resistance  and  a much 
lower  thermal  coefficient  of  electrical  resistance  than  gray  cast  iron(13). 
The  high  aluminum  cast  irons,  as  shown  in  Table  III,  also  exhibit  a 
very  high  value  of  electrical  resistance*15*'23*.  The  austenitic  irons  are 
generally  non-magnetic  and  the  composition  can  be  so  controlled  that 
a magnetic  permeability  of  1.03  is  obtained  and  the  castings  will  be 
“dead”  to  the  attraction  of  an  Alnico  magnet.  Increasing  the  chro- 
mium contents  of  these  irons  will  increase  the  magnetic  permeability 
somewhat,  but  will  also  improve  the  heat  and  abrasion  resistance. 
This  combination  of  electrical  and  non-magnetic  properties  together 
with  their  heat  resistance  result  in  cast  irons  very  useful  for  electrical 
resistance  grids  and  magnetic  clutch  and  brake  parts. 

VII.  HIGH  ALLOY  DUCTILE  (NODULAR)  IRONS 

The  various  grades  of  corrosion  resistant,  heat  resistant, 
high  strength  and  special  purpose  gray  cast  irons  described  in  the 
foregoing  sections  can  also  be  cast  with  the  graphite  in  the  form  of 
spheroids  as  in  ductile  or  nodular  iron  rather  than  in  the  normal  flake 
graphite  shape  of  gray  iron.  When  the  graphite  is  present  as  sphe- 
roids the  metal  exhibits  improved  elastic  behavior,  higher  elastic 
modulus,  a definite  yield  point,  higher  tensile  strength,  improved  duc- 
tility and  impact  resistance.  The  properties  of  unalloyed  and  low  alloy 
nodular  irons  are  presented  in  the  preceding  section.  With  increased 
silicon  content  and  with  the  addition  of  chromium,  nickel,  molyb- 
denum, and  copper  specialized  corrosion  resistance,  heat  resistance, 
magnetic  properties,  and  electrical  properties  can  be  obtained*28*. 
Where  the  service  applications  require  the  improved  properties,  these 
high  alloy  spheroidal  graphite  irons  can  be  efficiently  utilized  although 
their  metallurgy  and  production  are  somewhat  more  complex. 

Some  specific  special  purpose  irons  are  a high  silicon,  heat 
resistant  type,  as  austenitic,  ductile  Ni-Resist  iron  for  corrosion, 
erosion,  frictional  wear  and  heat  resistance,  and  a ductile  Ni-Resist 
with  high  ductility  and  weldability.  Other  types  of  nodular  graphite 
irons  with  various  alloy  contents  are  cast  for  specific  purposes.  Some 
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representative  analyses,  properties  and  uses  of  these  irons  are  con- 
tained in  Table  V.  The  scaling  and  oxidation  resistance  of  the  high 
silicon  grade  increases,  but  the  resistance  to  mechanical  thermal 
shock  decreases  with  higher  silicon,  so  that  most  castings  are  pur- 
chased at  3.0  to  4.5%  silicon  to  provide  the  best  compromise*20).  The 
austenitic  ductile  irons  are  provided  with  from  18.0  to  32%  nickel 
and  1.75  to  5.5%  chromium  depending  on  the  special  properties 
required*27). 


TABLE  V:  HIGH  ALLOY  DUCTILE  OR  NODULAR  IRON 


PROPERTY 

TYPE  OF  DUCTILE  IRON 

Analysis: 

High  Silicon 
Heat  Resistant 

(26) 

Ductile  Special  Ductile 

Ni-Resist  (27)  Ni-Resist  (27) 

% Carbon 

% Silicon 

% Manganese 

% Nickel 

% Chromium 

2.8-3. 8 
2.5-6.0 
.20-. 60 

0-1.5 

2.90  Max. 

1.75- 3.2 
.8-1.5 

18.0-22.0 

1.75- 2.5 

3.00  Max. 

2. 0-3.0 

1. 8-2.4 
21.0-24.0 

5 Max. 

Brinell  Hardness  Number 

140-300 

140-180 

130-170 

Tensile  Strength  (in  1000  psi) . . . 

60-1000 

55-69 

54-65 

Yield  Strength,  .2%  offset  (in 

1 000  psi) 

% Elongation 

45-75 

0-20 

32-36 

8-20 

30-35 

20-40 

Charpy  Type  Impact — Ft-Lbs.  . . . 

5-115* 

1 2 f 

28f 

Density  Ibs./inches3 

.257 

.268 

.268 

Coefficient  of  Thermal  Expansion 
at  Room  Temperature,  1 0 6 

Inches  per  °F 

6. 0-7. 5 

10.4 

10.2 

Electrical  Resistivity-Microhms/cc 

58-87 

102 

Maximum  Service  Temperature- 

°F 

1650°F. 

1 300°F. 

1 1 00°F. 

* 10  mm  square  standard  Charpy  Test  unnotched 
f 10  mm  square  standard  Charpy  Test  regular  V-notched 

TYPE 

USES 

High  Silicon  (26) 

Applications  requiring  resistance  to  oxidation 
and  growth,  such  as  furnace  doors  and  frames, 
grates,  sinter  and  reduction  pots,  annealing  pots, 
glass  molds. 

Ductile  Ni-Resist  (27) 

Corrosion,  frictional  wear,  and  heat  resistance 
including  special  pump  impellers  and  housings, 
exhaust  lines,  cylinder  liners,  valves. 

Special  Ductile  Ni-Resist  (27) 

Less  severe  heat  and  corrosion  resistant  appli- 
cations with  improved  ductility  and  weldability. 
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CHAPTER  SIX: 

HEAT  TREATMENT  OF  GRAY  IRON 


I.  INTRODUCTION 

Heat  treatment  is  one  of  the  most  valuable  tools  available  to  design 
engineers  and  manufacturers  employing  iron-base  materials.  This  is 
due  to  the  fact  that  heat-treated  gray  iron  and  steel  can  be  made  to 
exhibit  a wide  variety  of  commercially  valuable  properties  superior  to 
those  obtainable  in  the  “as  cast”  or  “as  rolled”  condition.  For  example, 
in  gray  iron,  depending  on  the  heat  treatment  selected,  stresses  pro- 
duced by  casting  or  fabrication  can  be  removed,  machinability  can  be 
improved,  and  special  mechanical  properties  such  as  high  hardness  for 
wear  resistance  or  high  strength  to  resist  excessive  loads  can  be  de- 
veloped. 

Despite  unquestioned  advantages  obtainable  through  heat  treat- 
ment of  gray  iron  and  the  fact  that  in  a number  of  cases  it  has  been 
commercially  utilized  with  great  success,  a statement  made  by  J.  S. 
Vanick(1)  in  1943  is  still  substantially  true:  “Heat  treatment  of  gray 
iron  is  a vast  uncultivated  field,  held  in  reserve  for  future  expan- 
sion . . . .”  This  failure  to  utilize  the  benefits  of  heat  treatment  more 
widely  has  been  the  fault  of  both  the  producing  foundry  and  the 
specifying  engineer^.  It  is  the  purpose  of  this  manual  to  describe  the 
successful  application  of  heat  treatment  to  gray  iron  and  indicate  how 
its  use  can  be  expanded  to  make  gray  iron  meet  the  increasingly 
stringent  demands  of  modern  industry.  Intelligent  utilization  of  heat 
treatment  has  already  permitted  development  of  new  engineering 
casting  designs  and  the  gradual  extension  of  heat-treated  gray  iron 
into  new  fields  of  application  with  consequent  economies  to  producers 
and  purchasers. 

The  new  ductile  (nodular)  irons  also  respond  readily  to  heat  treat- 
ment. All  of  the  heat  treating  procedures  described  in  this  chapter  for 
gray  iron  are  also  directly  applicable  to  ductile  iron,  but  the  mechanical 
properties  obtained,  are  considerably  different. 

Data,  specific  to  the  heat  treatment  of  ductile  iron,  is  presented  in 
Chapter  Five,  Part  2,  “The  Properties  of  Ductile  (Nodular)  Iron.” 
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II.  STRESS  RELIEF 

a.  Introduction  . . . Gray  iron  in  the  “as  cast”  condition,  like  any  other 
metallic  casting  cooled  from  elevated  temperatures,  is  subject  to  in- 
ternal stresses.  This  is  due  to  the  fact  that  the  rate  of  cooling  in  dif- 
ferent sections  is  never  exactly  the  same,  a condition  which  leads 
directly  to  an  uneven  rate  of  contraction  in  various  parts  of  the  casting 
(see  below).  The  resultant  residual  stresses,  although  less  in  gray  iron 
than  in  other  ferrous  castings,  may  reduce  its  strength,  can  cause 
distortion  and,  in  some  extreme  cases,  may  even  result  in  failure  or 
cracking  of  the  casting.  The  extent  of  these  stresses  is  dependent  on 
the  shape  and  dimensions  of  the  casting,  on  the  casting  technique  em- 
ployed, on  the  composition  and  properties  of  the  material  cast,  and 
finally  on  whether  the  casting  has  been  submitted  to  a stress  relief 
treatment. 

To  a great  extent,  the  seriousness  of  the  stresses  can  be  minimized 
without  recourse  to  stress  relief  by  proper  design,  proper  casting 
technique,  and  the  use  of  a material  with  a proper  balance  between 
strength  and  shrinkage  properties.  The  low  shrinkage  and  wide 
strength  range  of  gray  iron  are,  of  course,  very  advantageous  in  mini- 
mizing such  internal  stresses.  Also  in  certain  of  the  softer  gray  iron 
grades,  slight  plastic  flow  at  stresses  under  the  elastic  limit  help  to 
prevent  these  stresses  reaching  critical  levels.  Nevertheless,  in  a num- 
ber of  cases,  residual  stresses  in  castings  seriously  lower  efficiency, 
and  it  is  not  sufficiently  recognized  that,  even  in  the  case  of  gray  iron, 
the  relief  of  internal  stresses  by  some  form  of  heat  treatment  is  fre- 
quently desirable  and  sometimes  essential. 

b.  Causes  of  Internal  Stresses  . . . There  are  three  main  causes  of 
internal  stress: 

1.  Differential  cooling  or  contraction  within  a single  section  because 
of  more  rapid  cooling  of  the  surface  as  opposed  to  the  interior  of 
the  section/1 * 3) 

2.  Differential  cooling  between  two  or  more  sections,  and 

3.  The  lesistance  of  the  sand  mold  itself  to  shrinkage  and  contrac- 
tion of  the  casting. 

(1)  The  first  cause  of  internal  stresses  can  perhaps  best  be  under- 

stood if  the  case  of  a particular  casting  is  considered.  If  a solid  cylin- 

der is  cast  and  allowed  to  cool  in  the  mold,  the  outer  portion  of  the 
cylinder  will,  of  course,  cool  more  rapidly  than  the  core  and  will  thus 
shrink  more  rapidly.  If  we  consider  for  the  moment  only  the  axial 
stresses  (i.e.  those  parallel  to  the  axis  of  the  cylinder),  it  is  evident 
that  stresses  in  directions  shown  by  the  arrows  in  Figure  2 will  pre- 
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vail.  Thus  in  Figure  2 the 
outside  layers  are  in  tension 
and  the  core  in  compression. 
Since  the  cylinder  as  a whole 
is  still  at  a sufficiently  ele- 
vated temperature,  plastic 
deformation  of  the  core  can 
readily  occur  and  will  large- 
ly relieve  the  compressive 
stress  in  the  core.  However, 
when,  upon  further  cooling, 
the  core  of  the  cylinder,  in 
turn,  contracts,  the  stresses 
are  reversed,  as  shown  in 
Figure  3. 

The  hotter  core  material 
continues  to  cool  and  at- 
tempts to  contract  while  the  surface  layers  have  already  reached  so 
low  a temperature  that  the  resultant  contraction  stress  can  no  longer 
be  relieved  by  plasic  deformation,  and  the  stresses  shown  in  Figure  3 
remain  locked  in  the  casting. 

(2)  In  the  case  of  a casting,  however,  stresses  arising  from  differ- 
ential cooling  between  two  or  more  sections  of  a casting  are  of  greater 
significance  than  stresses  within  a single  section  of  the  type  shown 
in  Figure  2 and  3.  The  latter  stresses  are  normally  only  considered 
where  absolute  alignment  must  be  maintained  in  a machining  opera- 
tion. The  slow  cooling  in  a sand  mold,  in  fact,  reduces  them  auto- 
matically to  a point  where  they  seldom  adversely  influence  physical 
properties.  On  the  other  hand,  as  already  noted,  stresses  arising  from 
differential  cooling  of  independent  parts  of  the  casting  either  due  to 
different  section  thicknesses  or  to  their  location  in  the  casting  are 
much  more  severe.  The  resultant  different  cooling  and  contraction 
rates  can  and  have  produced  very  appreciable  and  sometimes  critical 


Fig.  1.  Straight  Edges  Ready  for  Stress 
Relief  Treatment  at  950°  F.  (510°  C.). 
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stresses.  This  problem  arises  more  often  with  castings  for  the  simple 
reason  that  casting  permits  more  complex  parts  to  be  produced  as  a 
single  integral  component  than  is  possible  using  other  methods  of  con- 
struction. For  example,  assuming  that  it  is  necessary  to  produce 
a casting  of  the  design  shown  in  Figure  4 (actually  such  a design 
should  naturally  be  avoided  if  possible) , it  is  clear  that  the  two  smaller 
outside  sections  “a”  will  cool  more  rapidly  than  the  thicker  central  sec- 
tion “b.”  Thus,  before  the  central  section  “b”  has  completed  its  shrink- 
age, the  comparatively  cold  sections  can  no  longer  be  plastically  de- 
formed and  thus  absorb  the  stress  produced  by  the  shrinkage  of  the 
“b”  element.  In  other  words,  the  structure  is  rigid,  setting  up  a tensile 
stress  in  the  thicker  or  more  slowly  cooling  section  “b”  and  a compres- 
sive stress  in  the  thinner  “a”  sections.  Although  in  gray  iron  these 
stresses  rarely  reach  proportions  sufficient  to  crack  the  casting,  they 
may  lead  to  distortion  and  lower  the  strength  of  the  castings  in  certain 
applications.  As  in  the  previous  instance,  the  internal  stresses  arise 
from  the  existence  at  a given  moment  of  a difference  in  temperature 
between  two  or  more  parts  of  the  casting  during  cooling. 

(3)  The  third  cause  of  in- 
ternal stresses  is  easily  seen 
by  a consideration  of  Figure 
6.  The  contraction  of  the 
casting  while  still  in  the 
mold  is  hindered  in  this  case 
by  the  mold  itself,  so  that  a 
tensile  stress  is  set  up  in  the 
cross-bar  “a.” 

From  these  examples  some 


Fig.  5.  Large  Cooling  Unit  with  Cast  Heads 
Stress-Relieved  at  1100°  F.  (595°  C.). 


Fig.  6. 

idea  can  be  gained  of  the 
desirability  and  sometimes 
the  necessity  for  again  heat- 
ing castings  of  uneven  sec- 
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Fig.  7.  Cast  Beams  for 
Textile  Machine  Being 
Stress-Relieved  at  1000° 
F.  (540°  C.). 


tion  size  or  cooling  rate  to  a temperature  at  which  the  material  will  be 
sufficiently  plastic  to  yield  and  eliminate  any  existing  internal  stresses. 
The  need  for  such  stress  relief  is  intensified  if  the  casting  is  to  be  em- 
ployed in  a very  critical  application. 

A further  complication  that  may  develop  in  any  ferrous  casting, 
and  one  which  can  develop  special  stresses,  is  the  change  in  volume, 
i.e.,  the  expansion,  which  accompanies  the  cooling  of  iron  through 
the  critical  range.  This  is  not  important  at  normal  cooling  rates  but 
should  be  considered  on  very  rapid  cooling  or  quenching  a casting  from 
temperatures  above  about  1500°  F.  (815°  C.). 

c.  Results  of  Internal  Stresses  . . . The  necessity  for  relieving  internal 
stresses  formed  in  any  of  the  above  ways  is  dependent  on  their  mag- 
nitude. Although,  because  of  the  expansion  accompanying  graphite 
formation  and  the  low  coefficient  of  contraction,  these  stresses  are  less 
in  gray  iron  than  in  other  cast  metals,  they  can,  as  already  noted, 
reach  a point  where  (a)  the  strength  of  a casting  is  decreased,  (b) 
distortion  follows  cooling  or  machining,  or  (c)  cracking  will  occur  in 
very  severe  cases.  These  possibilities  should  be  kept  in  mind  in  de- 
termining whether  stress  relieving  is  advisable. 

As  concerns  lowered  strength,  it  can  easily  be  understood  that  if  an 


302 


HEAT  TREATMENT  OF  GRAY  IRON 


iron  of,  say,  a tensile  strength  of  35,000  psi  has  in  one  of  the  three 
manners  noted  above  acquired  an  internal  tensile  stress  of  10,000  psi, 
it  will  have  in  service  an  effective  tensile  strength  of  only  25,000  psi. 
Such  a stressed  condition  can  conceivably  result  in  failure  of  the  cast- 
ing when  it  is  subjected  to  a service  load  materially  lower  than  the 
normal  tensile  strength  of  the  metal  used  in  the  casting. 

The  second,  and  often  the  most  important  commercial  consequence 
of  internal  stress,  is  distortion  of  the  casting,  a condition  which  may 
not  show  up  until  the  part  is  machined.  The  reason  for  such  distortion 
can  be  understood  if  we  take  the  case  of  a plate  such  as  that  shown  in 
Figure  8a,  in  which  a balance  of  stresses  exists  between  the  core  (2x) 
and  two  outer  sections  (x  -f-  x = 2x).  If  one  of  the  outer  sections 
were  to  be  machined  off  as  in  Figure  5b,  this  balanced  system  would 
be  upset,  and  the  stronger  stress  may  cause  distortion  of  the  casting. 
If  the  stresses  are  relieved  before  machining,  this  distortion  can,  of 
course,  be  prevented  <4). 

In  the  last  case,  that  of 
cracking,  the  induced  inter- 
nal stresses  have  exceeded 
the  ultimate  strength  of  the 
material,  causing  fracture 
even  before  the  casting  is 
subjected  to  a service  load. 

Although  this  is  not  a com- 
mon occurrence  with  gray 
iron  (the  “hot-tearing”  fa- 
miliar to  steel  foundrymen  is, 
for  example,  rare  in  an  iron 
foundry),  it  is  possible,  and 
should  be  taken  into  consid- 
eration when  the  casting  is 
designed.  Incidentally,  crack- 
ing is  more  common  in  white 
iron  than  gray  iron  because 
of  the  greater  contraction 
and  lower  inherent  plasticity 
of  the  former  material. 

d.  Influence  of  Stress-Reliev- 
ing Temperature  . . . Stress 
relief  of  a casting  can  be  de- 
fined as  a process  of  reducing 
residual  internal  stresses  by 
heating  to  a certain  temper- 


Fig.  9.  Power  Shovel  Control  Cable  Drum 
Stress-Relieved  at  1250°  F.  (675°  C.). 
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Fig.  10.  Head 
of  this  dryer 
stress  relieved 
at  1050°-1100° 
F.  (565°-595° 
C.). 


ature  (usually  well  below  the  transformation  range  of  pearlite  into 
austenite)  and  holding  it  for  a definite  time  at  that  temperature.01 
The  stresses  are  removed  due  to  a lowering  of  the  elastic  limit  as  the 
gray  iron  or  other  metallic  object  is  raised  to  the  stress  relieving 
temperature,  and  a consequent  plastic  deformation,  creep  or  movement 
in  the  gray  iron  sufficient  to  relieve  almost  completely  any  internal 
stresses.  The  term  “almost  completely”  is  employed  since  the  elastic 
limit  of  the  metal  is  not  reduced  to  zero  at  the  temperatures  usually 


Fig.  11.  Effect  of 
Stress  Relief  Tem- 
perature on  Per 
Cent  of  Stress  Re- 
movel  as  reported 
by  three  different 
investigators00) . 


Temperature  — °C 
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selected,  and  some  stresses,  normally  negligible,  always  remain.  O) 
From  this  definition,  it  is  clear  that  the  main  factors  influencing 
stress  relief  are  the  temperature  of  the  treatment  and  the  length  of 
time  the  casting  is  held  at  this  temperature.  Stress  relief  clearly  be- 
comes more  effective  as  the  temperature  is  increased ; the  temperature, 
however,  should  not  be  high  enough  to  alter  the  structure  and  proper- 
ties of  the  gray  iron,  particularly  if  such  changes  might  adversely 
affect  the  castings’  serviceability.  The  problem  then  is  to  select  a 


Fig.  12.  Large  carriage  which  has  been  stress  relieved  for 
six  hours  at  950“  F.  (510°  C.). 


temperature  or  temperature  range  that  will  give  the  greatest  possible 
relief  of  internal  stresses  with  the  least  possible  alteration  of  proper- 
ties. 

It  can  be  seen  from  Fig.  11,  that  the  amount  of  stress  relief  below 
about  750°F.  (400°C.)  is  small,  but  increases  rapidly  at  higher  tem- 
peratures. It  thus  appears  that  if  substantial  stress  relief  is  necessary, 
a temperature  of  at  least  950°  F.  (510°  C.)  is  advisable.* 

Surveying  the  available  experimental  information  and  tests  on  corn- 


305 


HEAT  TREATMENT  OF  GRAY  IRON 


mercial  castings,  it  is  evident  that  in  order  to  get  maximum  relief  of 
stress  with  minimum  chance  for  decomposition  of  combined  carbon, 
a temperature  range  of  950°  - 1050°  F.  (510°  C. -565°  C.)  is  desir- 
able.<5)(8)(12)(13)04)(i5)  jrjgUre  taken  from  Gilbert(15),  indicates  that 
from  60%  to  80%  of  all  internal  stresses  can  be  removed  on  holding 
for  one  hour  in  this  range,  and  the  evidence  of  other  authorities  is  in 
excellent  agreement.  The  curve  in  Figure  13  was  based  on  a 3.377c 
carbon,  1.58 7o  silicon,  0.98 % manganese,  0.095  Jo  sulphur,  0.787c  phos- 
phorus iron,  but  on  the  basis  of  other  investigations,  holds  for  gray 
irons  over  a wide  analysis  range. 

In  rare  cases  where  almost  complete  stress  relief  (over  807c)  is 
necessary,  a minimum  temperature  of  1100°  F.  (595°  C.)  can  be  em- 
ployed, but  except  in  low  carbon  equivalent,  high-duty  irons,  possible 
sacrifice  in  the  mechanical  properties  must  be  considered.  It  is  a for- 
tunate circumstance,  however,  that  the  higher  carbon  equivalent,  soft 
irons  normally  exhibit  a lower  level  of  internal  stress  and  a compara- 
tively low  creep  resistance.  In  fact,  high  carbon  equivalent  irons  can 
be  satisfactorily  stress  relieved  at  the  lower  end  of  the  suggested  tem- 
perature range,  i.e.,  at  temperatures  not  exceeding  1000°  F.  (538°  C.). 

In  the  case  of  low-alloy  gray  irons  a different  condition  exists  and 
higher  stress-relieving  temperatures  of  the  order  of  1050°  - 1100°  F. 


Temperature  — °C 


200  400  600  800  1000  1200  1400  1600 

Temperature  — °F 


Fig.  13.  Effect  of  Time 
at  Stress-Relief  Tem- 
perature on  Stress  Re- 
moval!15). 
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Fig.  14.  Effect  of  Stress  Re- 
lief Temperature  on  Per 
Cent  Stress  Removed  from 
Low  Chromium  Iron.  (High 
Initial  Stress  = 15  ton/sq. 
in.,  Low  Initial  Stress  = 
7.5  tons/sq.  in)!11). 

(560°  - 595°  C.)  are  us- 
ually advisable.  Alloys, 
such  as  chromium,  mo- 
lybdenum, nickel  and 
vanadium,  tend  to  in- 
crease the  resistance  of 
the  gray  iron  to  creep, 
i.e.,  to  prevent  the  plas- 
tic deformation  at  a 
given  stress  relieving 
temperature  necessary 
to  reduce  or  eliminate 
internal  stresses.  The 
obvious  remedy  is  to 
moderately  increase  the 
temperature.  In  addi- 
tion, the  presence  of 
elements  such  as  chro- 
mium and  molybdenum 
tends  to  prevent  the 
premature  softening 
that  might  occur  in  an 
unalloyed  iron  at  such 
higher  stress  relieving 
temperatures.  Nickel 
and,  to  some  extent, 
copper  have  a some- 
what similar  effect  in 
delaying  softening,  at 
least  to  the  degree  that 
they  permit  a reduction 
in  silicon  content  or,  in 
the  case  of  nickel,  are 
present  in  sufficiently 


Fig.  15.  Effect  of  Tempera- 
ture and  Time  on  Decrease 
in  initial  Stress  in  Low  Al- 
loy Iron<10). 
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Fig.  16.  Diesel  en- 
gine crosshead  cast- 
ing stress  relieved  at 
1160°  F.  (620°  C.). 


large  amounts  to  influence  the  transformation  behavior  of  the  iron. 

Although  no  true  quantitative  data  exist  as  to  the  effect  of  alloys 
on  the  optimum  stress  relieving  temperature  is  available,  as  little  as 
0.14%  chromium  added  to  a 3.20%  carbon,  2.01%  silicon  base  iron, 
permitted  exposure  of  the  iron  for  one  hour  to  a temperature  approxi- 
mating 1200°  F.  (640°  C.)(11)  without  sacrifice  in  its  tensile  strength. 
Figures  14  and  15  show  the  relationship  of  relief  of  stresses  to  tem- 
perature for  this  iron  and  a low  alloy  nickel-chromium-molybdenum 
iron<10>  typical  of  those  commonly  used  in  industry. 

That  the  stress-relieving  temperature  applied  to  such  alloyed  irons 
can  be  extended  as  indicated  to  at  least  1100°  F.  (595°  C.)  without  an 
adverse  effect  on  their  structure  or  properties  has  been  attested  by 
numerous  investigators.(5)(C)(11)(12>(13)  (14)  (15> 

If  very  highly  alloyed  irons  are  employed,  a still  higher  stress  re- 


Fig.  17.  Effect  of 
Stress  Relief  Tem- 
perature on  Per  Cent 
Stress  Removal  in 
High  Chromium  Iron 
(U). 
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lieving  temperature  is  necessary.  In  fact,  as  shown  in  Figures  17  and 
18,  stress  relieving  temperatures  in  the  range  of  1100°  F.  to  1200°  F. 
(595°  to  650°  C.)  are  needed. 

For  purposes  of  comparison  it  might  be  noted  that  steels,  which,  of 
course,  exhibit  lower  carbon  equivalents  than  any  gray  iron,  are  stress 
relieved  in  a 1080°  to  1200°  F.  (580°  to  650°  C.)  temperature  range, 
indicating  that  carbon  equivalent  has  much  less  influence  on  the  opti- 
mum temperature  for  stress  relief  than  alloy  content.  It  is  of  engi- 
neering interest,  however,  that  experience  has  shown*20)  that  steels 
even  after  stress  relieving  at  1200°  F.  (650°  C.)  or  full  annealing  do 
not  show  as  great  dimensional  stability  as  gray  iron  in  critical  ap- 
plications such  as  bearing  shells. 

In  summary,  the  following  recommendations  for  stress-relief  tem- 
peratures can  be  made : 


TABLE  I 

RECOMMENDED  STRESS  RELIEVING 

Type  of  Gray  Iron 


Unalloyed 


Low  Alloy 
High  Alloy 


TEMPERATURES 

Temperature  of 
Stress  Relief 

950-  1050°  F. 
(510-565°  C.) 
1050-  1100°  F. 
(565-595°  C.) 
1100  - 1200°  F. 
(595-650°  C.) 


Fig.  18.  Effect  of 
Stress  Relief  Tem- 
perature on  Per  Cent 
Stress  Removal  in 
Ni-Resist  Iron*11). 


Temperature  — °C 
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Fig.  19.  Bed  casting 
for  50  caliber  shell 
trimmer  stress  re- 
lieved at  1050°  F. 
(565°  C.). 


If  the  service  requirements  of  the  casting  demand  a particularly 
low  degree  of  residual  stress,  temperatures  about  50°  F.  (30°  C.) 
above  those  listed  may  be  used.  Using  these  top  temperatures,  it  is 
advisable  in  cases  where  such  properties  are  critical  to  check  the  hard- 


ness of  the  stress-relieved  casting  to  determine  if  any  sacrifice  in 
hardness  or  strength  has  taken  place. 


e.  Influence  of  Time  . . . Figure  80  shows  the  amount  of  stress  relief 
accomplished  at  various  temperatures  over  various  lengths  of  time. 
The  iron  used  in  these  tests  had  a composition  of  2.72%  carbon,  1.97% 
silicon,  0.51%  manganese,  0.080%  sulphur,  0.141%  phosphorous,  but 
parallel  results  have  been  obtained  using  other  types  of  gray  iron(10> 
(see  Figure  13).  It  will  be  noted  that  (1)  the  majority  of  the  stress 


Fig.  20.  Effect  of 
Time  at  Stress  Re- 
lief Temperature  on 
Decrease  in  Initial 
Stress!10). 
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relief  takes  place  during  the  first  hour  after  the  casting  reaches  the 
desired  temperature  and  any  further  stress  relief  takes  place  only  at 
a very  gradual  rate  on  longer  holding  at  temperature,  and  (2)  the  time 
in  which  effective  stress  relief  is  accomplished  decreases  with  increas- 
ing temperature/10*^)  It  is  at  once  evident  that  it  is  not  usually  prac- 
tical to  use  low  temperatures  and  long  holding  times  as  an  effective 
substitute  for  higher  temperatures  in  stress  relief. 

f.  Influence  of  Rate  of  Cooling  . . . The  differential  contraction  of  sepa- 
rate parts  of  a casting  or  the  surface  as  opposed  to  the  interior  of  a 
single  part  (as  explained  in  the  introduction  to  this  section)  is  one  of 


reIlfev1ngTfuTnkace.aded  Pill°W  bl°Ck  Castings  ready  to  be  pushed  into  stress 


the  main  causes  of  internal  stresses.  It  is  obvious  that  if,  after  the 
stresses  have  been  relieved,  the  casting  is  allowed  to  cool  rapidly  to 
room  temperature,  new  stresses  may  be  set  up  and  the  object  of  maxi- 
mum stress  elimination  will  not  be  fully  achieved.  For  this  reason, 
slow  cooling  from  the  stress  relieving  temperature,  at  least  in  the 
upper  temperature  ranges,  is  an  essential  part  of  the  process(7)(8>. 

For  example,  it  is  generally  recommended  that  the  part  be  furnace 
cooled  to  not  more  than  550°  F.  (290°  C.)  before  being  allowed  to  air 
cool;  m the  case  of  castings  of  intricate  design,  it  may  even  be  advis- 
able  to  continue  the  furnace  cooling  until  a temperature  of  about  200° 
b-  (90°  C‘)  has  been  reached(5)(1°).  Most  commercial  furnaces  cool 
down  slowly  enough  to  automatically  meet  all  requirements 
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Fig.  22.  Rough  ma- 
chined surface  plate 
ready  for  stress  re- 
lief treatment  at 
950°  F. 


A tentative  A.  S.  T.  M.  Specification  (A278-49T)  (covering  gray  iron 
castings  for  pressure-containing  parts  for  temperatures  up  to  650°  F.) 
requires  that  after  the  stress-relieving  heat  treatment,  the  cooling  rate 
“shall  not  be  more  than  400°  F.  per  hour  divided  by  the  maximum 
thickness  in  inches  for  thicker  castings(10).”  This  rate  can  be  con- 
sidered satisfactory  for  the  most  intricate  castings. 

g.  Influence  of  Degree  of  Initial  Stress  ...  It  has  been  determined 
(mi  (ii)  that,  at  a given  stress  relieving  temperature,  the  greater  the 


Fig.  23.  Effect  of 
Degree  of  Initial 
Stress  on  Rate  of 
Stress  Relief  at 
1050°  F.dO) 
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original  stress  in  the  casting,  the  greater  will  be  the  rate  of  stress  relief. 
As  a consequence,  degree  of  initial  stress  is  not  a significant  factor. 
However,  in  no  case,  did  a casting  with  greater  original  stress  reach 
within  a given  time  an  internal  stress  level  quite  as  low  as  that  of  a cast- 
ing with  an  originally  lower  initial  stress.  (See  Fig.  14  and  Fig.  23). 


Fig.  24.  Survey  of 
Stress  Relief  Tem- 
peratures most  fre- 
quently employed  in 
Gray  Iron  Industry. 


h.  Weathering  . . . Weathering,  that  is,  the  process  of  leaving  the 
casting  for  several  months  either  in  the  open  or  in  storage,  has  been 
used  with  the  purpose  of  relieving  internal  stress.  However,  tests' 10)(11) 
have  shown  that  at  a maximum  a stress  relief  of  10%  can  be  attained 
by  this  process.  The  small  proportion  of  stresses  removed  does  not  in 
general  .justify  tying  up  a large  investment  in  castings  for  the  pro- 
longed length  of  time  necessary.  It  has  also  been  shown'10)  that  the 
temperature  oscillations  of  the  weather  (which  were  thought  to  cause 
considerable  stress  relief  during  weathering)  have  only  a negligible 
effect,  since  the  artificial  application  of  four-hour  temperature  cycles 
between  0°  and  220°  F.  (—17°  and  105°  C.)  relieved  only  17%  of  the 
internal  stresses  in  a plain  gray  iron. 

i.  Examples  of  Stress-Relieving  Treatments  . . . The  stress  relief  of 
gray  iron  is  a process  widely  employed  in  industry.  In  fact  it  is  the 
most  common  form  of  heat  treatment.  This  was  first  demonstrated 
by  a survey  of  British  foundries'185.  It  has  been  confirmed  by  a recent 
survey  by  the  Gray  Iron  Founders’  Society.  Of  96  foundries  which  re- 
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ported  that  they  carry  on  some  kind  of  heat  treatment,  73  reported 
use  of  heat  treatment  for  stress  relief,  66  reported  heat  treating  for 
improved  machinability,  30  used  it  for  improved  wear  resistance,  and 
only  8 for  increased  strength. 

The  curve  in  Figure  24  plotted  from  data  obtained  in  this  survey 
shows  stress  relief  temperatures  actually  employed  in  practice  on  the 
basis  of  the  frequency  of  their  application.  It  will  be  noted  that  the 
majority  employ  temperatures  of  1000°  F.  to  1100°  F.  (540-595°  C.), 
which  is  within  the  recommended  range  shown  in  Table  I for  plain 
and  low  alloy  irons.  Lower  temperatures  are  sometimes  used  w-here 
the  degree  of  stress  relief  needed  is  not  so  great  or  facilities  for  slow- 
cooling  from  the  stress  relieving  temperature  are  not  available(,J). 
When  temperatures  reach  1150°  F.  or  above,  in  addition  to  stress 
relief,  partial  structural  changes  normally  take  place  softening  the 
irons  and  improving  machinability.  Foundries  using  such  high  tem- 
peratures presumably  feel  that  in  their  particular  cases  such  altera- 
tions in  properties  are  permissible  or  desirable. 

Some  idea  of  the  types  of  castings  that  have  been  successfully  stress 
relieved  in  actual  practice  is  given  by  the  following  list  drawn  from 
the  same  survey  of  members. 


TABLE  II 

TYPES  OF  CASTINGS  SUBMITTED  TO 


Air  Compressor  Cylinders 
and  Heads 

Ball  Bearing  Housings 
Brake  Drums  and  Wheels 
Bedbars 
Crankcases 
Crankshafts 
Clutch  Plates 
Cutter  Head  Slides 
Cylinder  Sleeves 
Diesel  and  Gas  Engine 
Castings 


Distributor  and  Starter 
Castings 
Drawing  Dies 
Gears 

Generator  Castings 
Governor  Parts 
Hydraulic  Cylinders 
Knitting  Machine  Beams 
Lawn  Mower  Knife  Bars 
Light  Machinery  Castings 
Machine  Tool  Castings 
Nodular  Iron  Castings 
Paper  Mill  Castings 
Pillow  Blocks 


STRESS  RELIEF 

Pistons 

Precision  Spindle  Castings 
Pressure  Vessel  Discs 
Protractor  Bodies  and 
Dials 

Pump  and  Motor  Castings 
Punches 

Refrigerator  Compressors 
Sewing  Machine  Parts 
Textile  Machinery 
Castings 
Turbine  Castings 
Valve  Castings 


Obviously,  the  necessity  for  stress  relieving  will  depend  on  the  ap- 
plication, and  it  is  of  interest  that  up  to  the  present  the  majority  of 
gray  iron  castings  have  been  successfully  used  directly  as  cast  without 
any  stress  relief  treatment.  However,  with  the  increasing  tendency 
to  select  higher  strength  irons  to  meet  increased  working  loads,  the 
necessity  for  stress  relief  becomes  progressively  greater.  The  desir- 
ability of  stress  relieving  castings  in  critical  applications  should, 
therefore,  be  kept  in  mind  and  the  treatment  applied  wherever  the 
service  justifies  its  cost. 
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III.  ANNEALING  OR  SOFTENING 

a.  Introduction  . . . Annealing  or  softening  involves  heating  a gray 
iron  casting  to  a temperature  sufficiently  high  to  alter  its  structure. 
This  form  of  heat  treatment  is  generally  used  when  it  is  desired  to 
improve  the  machinability  of  a casting.  Because  annealing,  unlike  the 
stress  relief  process  described  in  the  preceding  section,  brings  about 
basic  changes  in  the  structure  of  the  gray  iron,  the  resultant  improved 
machinability  is  usually  accompanied  by  some  decrease  in  strength  and 
hardness.  An  incidental,  though  frequently  very  desirable,  result  of 
annealing  is  the  concurrent  relief  of  internal  stresses  in  the  casting. 

Adequate  attention  has  not  been  given  this  process,  since  gray  iron, 
even  without  annealing,  is  more  machinable  than  most  other  ferrous 
materials.  Furthermore,  the  exact  metal  placement  made  possible  by 
the  casting  process  minimizes,  and  sometimes  eliminates  the  necessity 
for  any  machining  operations.  Nevertheless,  as  a rule  even  a cast 
product  usually  needs  a certain  amount  of  machining,  and  since 
modern  production  methods  often  require  high  speed  automatic  ma- 
chine tools  and  very  high  cutting  speeds,  maximum  machinability  is 
a very  important  consideration.  If  the  resultant  loss  in  strength  and 
hardness  can  be  tolerated,  annealing  should  be  and  is  being  increas- 
ingly employed  in  such  cases.* 

Despite  the  fact  that  much  work  remains  to  be  done  concerning 
many  important  points  on  theory  and  procedure,  the  basic  facts  about 
annealing  gray  iron  are  known,  and  it  is,  with  the  possible  exception 
of  stress  relief,  the  type  of  heat  treatment  most  frequently  applied 

to  gray  iron.  It  is  the  purpose  of 
this  section  to  indicate  the  nature 
of  the  process,  to  describe  its  ad- 
vantages and  limitations,  and  to 
give,  as  far  as  possible,  specific 
recommendations  for  procedure. 
A few  of  the  present  and  potential 
applications  of  annealed  gray  iron 
will  be  pointed  out.  It  is  hoped 
that  the  distribution  of  such  in- 
formation will  stimulate  wider 
and  more  intelligent  use  of  an- 
nealing as  applied  to  gray  iron. 

fa.  The  Mechanism  of  Annealing 

. . . Annealing  is  of  particular 
effectiveness  in  the  case  of  gray 

a more  detailed  discussion  of  the  effect  of  annealing  on  machinability  see  d.l. 
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Fig.  25.  Unetched  gray  iron  showing 
typical  distribution  of  graphite  flakes 
X100. 
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iron  because  of  the  physical 
presence  of  flakes  of  graphite 
(free  carbon)  in  its  structure. 
Gray  iron  has  such  flakes  because 
it  contains  larger  percentages  of 
carbon  than  any  other  ferrous 
material. 

This  large  percentage  of  carbon 
is  normally  present  in  two  dif- 
ferent forms:  First,  there  is,  as 
just  noted,  always  a certain 
amount  of  graphite  in  the  form  of 
flakes  (see  Fig.  25),  giving  to 
Fig.  26.  Crystals  of  massive  cementite  gray  iron  some  of  its  most  advan- 
mtennixed  with  pearlite  and  graphite  tageous  characteristics,  including 

the  superior  machinability  men- 
tioned above.  Second,  unless  annealed,  gray  iron  also  contains  a cer- 
tain amount  of  carbon  in  a combined  form  as  cementite  (Fe3C)  which 
in  turn  is  found  in  two  forms:  (a)  It  may  be  present  as  massive,  hard 
crystals  of  cementite  which  in  mottled  iron  (Fig.  26)  exist  as  isolated 
crystals  imbedded  in  the  matrix  and  in  chilled  or  white  iron  (Fig.  27) 
constitute  a major  part  of  the  structure.  These  combined  carbon  or 
cementite  crystals  are  very  hard  and,  consequently,  mottled  and  white 
iions  are  \eiy  difficult  to  machine;  (b)  the  combined  carbon  may  also 
be  present  as  a constituent  in  pearlite  (Fig.  28),  which  later  material 


Fig.  27a.  White  iron,  unetched,  showing 
the  absence  of  graphite  flakes  X100. 


Fig.  27b.  White  iron,  etched,  showing 
pearlite  and  cementite  X100. 
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Fig-.  28a.  Typical  high-strength  gray  iron 
containing  pearlite  and  graphite  X100. 


Fig.  28b.  High-strength  gray  iron 
enlarged  to  X750  to  show  the 
lamellar  structure  of  pearlite. 


consists  of  alternate  layers,  or  lamellae,  of  cementite  and  ferrite  (pure 
iron).  Combined  carbon  in  the  form  of  pearlite  is  found  in  most  gray 
irons  and  in  this  finely  divided  form  does  not  seriously  hinder  machin- 
ing operations ; its  presence  is  in  fact  desirable  in  cases  where  high 
strength  and  wear  resistance  are  important. 

However,  the  most  easily  machined  gray  irons  are  those  consisting 
entirely  of  ferrite  and  graphite  (Fig.  29).  Figure  30  compares  the 
machinability  of  several  types  of  gray  iron ; the  striking  superiority 
in  machinability  of  the  pure  ferrite-graphite  iron,  such  as  that  result- 
ing from  annealing,  over  the  pearlite-graphite  types  can  be  seen  at 
once.  It  should  also  be  noted  that  even  five  per  cent  of  free  cementite 
has  a noticeable  deleterious  effect  on  machinability  <22>.  The  purpose 
of  the  annealing  process  is  by  the  application  of  heat  to  break  down 
or  separate  the  iron  carbide,  whether  as  pearlite  or  as  free  cementite, 
into  its  component  elements  of  ferrite  and  graphite. 

Such  decomposition  of  pearlite  into  the  highly  machinable  ferrite- 
graphite  combination,  it  is  inter- 
esting to  note,  is  not  possible  in 
the  case  of  steel.  The  pearlite  in 
steel  may  be  transformed  by  an- 
nealing into  the  somewhat  more 
machinable  spheroidal  form,  but 
the  most  desirable  combination, 
that  of  ferrite  and  graphite,  can 
only  be  obtained  in  gray  iron, 
where  the  existing  graphite  flakes 
serve  as  centers  for  the  deposition 
of  free  carbon  during  annealing. 


Fig.  29.  Gray  iron  after  annealing 
consisting  of  soft  machinable  ferrite 
and  graphite  X100. 
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Cutting  Speed  — Feet  per  Minute 


Fig.  30.  The  amount 
of  metal  removed  at 
various  cutting 
speeds  before  a 
given  amount  of 
wear  on  the  cutting 
tool  for  five  gray 
irons  of  different 
microstructures< 22) . 


c.  Recommended  Annealing  Temperatures  and  Times  . . . The  anneal- 
ing process  is  directly  dependent  on  temperature.  It  has  been  esti- 
mated that,  given  infinite  time,  some  decomposition  of  pearlite  will 
occur  at  temperatures  as  low  as  750°  F.  (400°  C.)(23).  However,  up  to 
approximately  1150°  F.  (620°  C.),  the  effect  on  structure  is  insignifi- 
cant in  the  case  of  normal  gray  iron(1) *.  As  the  temperature  increases 
above  that  point,  the  rate  of  pearlitic  decomposition  to  ferrite-plus- 
graphite  increases  sharply,  reaching  a maximum  at  the  critical  point, 
i.e.,  in  the  neighborhood  of  1400°  F.  (760°  C.),  for  unalloyed  or  low- 
alloy  gray  irons(24h 

Three  different  temperature  ranges,  as  shown  in  Fig.  31  are  com- 
monly used  in  annealing  gray  iron.  These  are  the  low-temperature 
anneal  (curve  B),  the  medium  anneal  (curve  B,),  and  the  high-tem- 
perature  anneal  for  the  elimination  of  massive  free  cementite  (curve 
C).  For  comparison,  curve  A shows  that  the  usual  heat  treatment  for 
stress  relief,  described  in  the  previous  section  is  considerably  lower 
than  those  used  for  annealing(6). 

1.  Low-temperafure  anneal.  (Curve  B in  Figure  31).  In  the  case  of 

an  unalloyed  or  low-alloy  cast  iron  of  normal  composition,  where 
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Fig.  31.  Recommended  an- 
nealing cycles  for  gray  iron 
(curves  B,  B1(  C)  as  com- 
pared to  stress-relief  cycle 
(curve  A)  l°). 

> 

the  only  result  desired 
is  the  conversion  of 
pearlite  to  ferrite  and 
graphite  for  improved 
machinability,  it  is  gen- 
erally unnecessary  to 
heat  the  casting  to  a 
temperature  above  the 
critical*  In  fact,  heat- 
ing to  higher  tempera- 
tures may  even  be 
detrimental  to  the  an- 
nealing process,  since 
the  graphite  will  begin 
to  go  into  solution  in 
the  iron(24).  The  detri- 
mental effect  of  a super 
critical  temperature  in 
the  case  of  one  gray 
iron  is  shown  in  Fig. 
32;**  it  can  be  seen 
that  there  was  substan- 
tially no  reduction  in 
combined  carbon  con- 
tent in  the  case  of  the 

> 

Fig.  32.  The  effect  of  three 
different  annealing  temper- 
atures on  combined  carbon 
content!  24l 

*See  Section  IV  on  flame 
hardening  temperatures 
(paragraph  4a)  for  a 
method  of  determining  the 
critical  point. 

**It  will  be  noted  that  this 
sample  gray  iron  is  unusu- 
ally high  in  phosphorus  con- 
tent, but  it  has  been  found 
to  respond  to  annealing  in 
substantially  the  same  man- 
ner as  lower-phosphorus 
irons. 
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Fig.  33.  Effect  of  an- 
nealing temperature 
and  holding  time  on 
a gray  iron  contain- 
ing T.C.-3.38%,  Si- 
1.93  %,  Mn-  0.72%, 
P-  0.10%.  The  speci- 
mens were  air- 
cooled from  anneal- 
ing temperatures(3u). 


sample  treated  at  1652°  F.  (900°  C.),  whereas  the  combined  carbon 
content  was  cut  approximately  in  half  at  both  1472°  F.  (800°  C.)  and 
1292°  F.  (700°  C.)  after  21/)  hours.  Since  1472°  is  about  50°  F.  above 
the  critical  point  of  this  iron  an  equilibrium  level  of  0.46%  combined 
carbon  is  reached,  while  at  1292°  F.  it  is  obvious  that  with  sufficient 
time  the  combined  carbon  will  drop  to  zero.  Actually  for  the  most 
rapid  annealing  a temperature  of  about  1400°  F.  (760°  C.)  should  have 
been  employed.  The  advantage  of  this  same  sub-critical  anneal  for 
minimum  hardness  is  shown  for  a different  iron  in  Figure  33. 


Fig.  34.  Castings  packed  in  sealed  containers  being  loaded  into  a gas-fired  an- 
nealing furnace. 
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Fig.  35.  Type  of 
eastings  annealed  in 
the  furnace  illustra- 
ted in  Fig.  34. 


In  most  cases,  an  annealing  temperature  of  between  1300°  F.  and 
1400°  F.  (700-760°  C.)  is  recommended'25)'2®)'27’.  Exact  temperature 
recommendations  within  this  range  are  difficult  to  establish,  depending 
as  they  do  on  the  composition  of  the  iron.  In  most  cases  where  any 
considerable  number  of  castings  are  to  be  annealed  and  maximum 
machinability  must  be  obtained,  the  safest  procedure  is  to  anneal  a 
number  of  samples  at  various  temperatures  between  1300°  and  1400° 
F.  (700°  C.  and  760°  C.)  and  determine  the  temperature  that  yields 
the  lowest  final  hardness.  If  strength  properties  are  specified  it  will  be 
necessary  to  check  tensile  strength  of  the  castings  and  select  the  an- 
nealing temperature  which  results  in  the  most  advantageous  combina- 
tion of  properties  for  the  particular  application. 

The  time  during  which  the  casting  is  held  at  temperature  must  be 
sufficient  to  allow  the  graphitizing  process  to  go  to  completion'27).  At 
temperatures  below  1300°  F.  (700°  C.)  the  holding  time  should  be 
about  one  hour  per  inch  of  cross-section.  At  temperatures  in  the  range 
of  1300°  to  1400°  F.  (700°  to  760°  C.),  the  time  is  sometimes  cut  to 
forty-five  minutes  for  each  inch  of  section'25).  If  an  unusually  slow  rate 


Fig.  36.  Gray  iron  manifolds  being  loaded  into  an  electrically  heated, 
controlled-atmosphere  annealing  furnace. 
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of  cooling  is  employed,  the  time  at  temperature  may  be  cut  even 
further(24). 

Although  the  rate  of  cooling  is  not  of  very  great  importance  to  the 
annealing  process  itself,  slow  cooling  is  recommended  if  the  stress- 
relief  which  automatically  occurs  as  the  casting  cools  through  the 
lower  ranges  is  to  be  taken  advantage  of.  A maximum  cooling  rate  of 
100°  F.  (55°  C.)  per  hour  down  to  550°  F.  (290°  C.)  is  recommended 
(G)(24)(25).  (gee  ^ prece(jing  section  on  stress  relief.) 

2.  Medium  anneal.  Many  people  regularly  engaged  in  heat  treating 
gray  iron  commonly  employ  a medium  or  “full”  anneal  (curve  B,  in 


Fig.  37.  The  annealed  manifolds  of  Fig.  36  ready  for  unloading. 


Fig.  31)  at  temperatures  between  1450°  and  1650°  F.  (790°  and 
900°  C.).  Presumably,  the  medium  anneal  is  used  in  cases  in  which 
the  low-temperature  anneal  has  proved  insufficient  because  of  high 
alloy  content  of  the  subject  iron. 

Holding  times  comparable  to  those  of  the  low-temperature  anneal 
are  usually  employed.  If  such  high  temperatures  as  these  are  used,  it 
is  necessary  to  allow  the  casting  to  cool  slowly  through  the  critical 
range  of  1450-1250°  F.  (790-675°  C.),  because  above  the  critical  point 
the  graphitic  carbon  will  go  into  solution  in  the  iron  and  may  separate 
out  as  pearlite  upon  rapid  cooling. 

It  should  be  noted  that  according  to  the  best  obtainable  infor- 
mation, many  of  .those  heat  treating  gray  iron  are  using  medium 
anneal  where  a low  temperature  anneal  would  be  sufficient  or  even 
preferable.  Such  practice  traces  back  to  annealing  practice  using  steel 
and  has  no  reference  to  gray  iron.  It  is  recommended  that  in  every 
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case,  tests  of  the  efficacy  of  tem- 
peratures at  or  below  1400°  F. 
should  be  made  before  the  use  of 
a higher  annealing  temperature  is 
adopted  as  part  of  standard  pro- 
cedure. 

3.  High-temperature  anneal.  If 

the  combined  carbon  is  present  in 
the  form  of  massive  cementite 
as  in  mottled  or  white  iron,  a more  drastic  treatment  is  necessary.  The 
process  in  this  case  may  simply  have  the  purpose  of  converting  free 
cementite  to  pearlite-graphite  although  in  some  cases,  it  may  be  de- 
sired to  carry  decomposition  all  the  way  to  a pure  ferrite-graphite 
structure. 

Production  of  free  carbide  that  must  later  be  removed  by  anneal- 
ing is,  except  in  the  case  of  pipe  and  permanent  mold  castings,  almost 
always  an  accident  resulting  from  cooling  a given  iron  at  too  rapid  a 
rate  to  permit  normal  graphitization,  and  the  annealing  process  is 
therefore  not  considered  as  part  of  any  normal  production  cycle.  To 
break  down  these  massive  carbides  so  detrimental  to  machining,  tem- 
peratures of  at  least  1570°  F.  (855°  C.)  are  required*24).  Practically, 
it  is  generally  advisable  to  heat  castings  containing  chilled  spots  to  a 
temperature  of  1650°  to  1750°  F.  (900-955°  C.)*8>.  The  holding  time 
at  temperature  may  vary  from  a few  minutes  to  several  hours.  The 
chill  (white  iron)  in  some  high  silicon  and  high  carbon  irons  can  be 
eliminated  in  as  little  as  fifteen  minutes  at  1720°  F.  In  all  cases,  unless 


Fig.  38.  Detail  view  of  a typical  gray 
iron  manifold  annealed  by  the  process 
shown  in  Figures  36  and  37. 


Fig.  39.  A modern  gas-fired  annealing  furnace  for  gray  iron  pipe. 
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Fig.  40.  Effect  on 
Brinell  hardness 
of  annealing  sev- 
eral alloy  gray 
irons  for  one  hour 
at  various  tem- 
peratures!31). 


a controlled-atmosphere  furnace  is  used,  the  time  at  temperature 
should  be  as  short  as  possible,  because  at  these  high  temperatures, 
gray  iron  is  susceptible  to  scaling*28'.  An  upper  limit  of  1750°  F. 
(955°  C.)  has  been  arbitrarily  established  for  gray  iron,  since  above 
this  temperature  there  is  a tendency  for  exudation  or  melting  of  the 
phosphide  eutectic  present  in  irons  with  over  0.30%  phosphorus*29'. 
The  cooling  rate  chosen  depends  on  the  final  use  of  the  iron.  If  the 
principal  object  of  the  treatment  is  to  break  down  carbides,  and  it  is 
desired  to  retain  maximum  strength  and  wear  resistance,  the  casting 
should  be  air-cooled  from  the  annealing  temperature  to  about  1000°  F. 
(540°  C.)  to  promote  the  formation  of  a pearlitic  structure.  If  maxi- 
mum machinability  is  the  object,  the  casting  should  be  furnace-cooled 


Fig.  41.  Effect  on 
Brinell  hardness 
of  annealing  sev- 
eral alloy  gray 
irons  for  one  hour 
at  various  tem- 
peratures*31). 
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to  1000°  F.  with  special  care  to  slow  cool  through  the  critical  range*24*. 
In  both  cases  cooling  from  1000°  F.  to  about  550°  F.  (290°  C.)  at  not 
more  than  100°  F.  (55°  C.)  per  hour  is  recommended  to  avoid  internal 
stresses. 

4.  Effect  of  alloys.  Information  concerning  the  effect  of  alloys  on 
the  annealing  of  gray  iron  is  not  as  complete  as  might  be  wished.  How- 
ever, a few  general  statements  can  be  made  with  confidence.  Certain 
elements,  such  as  carbon  and  silicon,  will  accelerate  pearlite  and  mas- 
sive carbide  decomposition  at  annealing  temperatures;  therefore, 
where  these  elements  are  present  in  sufficient  percentage,  the  time  at 
annealing  temperature  may  be  reduced.  Sylvester,  for  example,  shows 
the  time  of  decomposition  of  pearlite  at  various  temperatures  for  two 
irons  containing  1.93  % and  2.68%  of  silicon  respectively*30).  In  every 
case  the  pearlite  in  the  higher  silicon  iron  broke  down  more  rapidly 
than  in  the  lower  silicon  iron,  and  the  temperature  range  over  which 
effective  annealing  could  be  conducted  was  greater  for  the  iron  con- 
taining the  higher  percentage  of  silicon.  At  an  annealing  temperature 
of  1382°  F.  (750°  C.),  for  example,  complete  pearlite  breakdown  in 
the  high  silicon  iron  occurred  in  ten  minutes  while  45  minutes  was  re- 
quired for  the  breakdown  in  the  lower  silicon  iron. 

On  the  other  hand,  there  are  a group  of  elements  which  tend  to 
stabilize  the  combined  carbon  and  thus  retard  the  rate  of  pearlite  de- 
composition. These  elements  include  chromium,  vanadium,  molyb- 
denum, manganese  and  sulphur,  when  the  latter  exists  in  excess  of 
the  percentage  usually  found  in  gray  iron(1>.  Of  these  elements, 
chromium  is  the  most  effective  carbide  stabilizer. 

Figure  40  and  41  show  the  hardness  change  for  gray  irons  of  the 
same  base  composition  and  different  percentages  of  alloying  ele- 
ments(31).  In  this  case,  a range  of  annealing  temperatures  from  1000° 
to  1600°  F.  was  used*.  It  will  be  seen  that  the  least  change  in  hard- 
ness occurred  in  those  irons  containing  chromium. 

Table  III  lists  the  irons  in  order  of  decreasing  Brinell  hardness  after 
annealing  at  1400°  F.  (760°  C.).  It  should  be  noted  that  although 
chromium  prevents  maximum  softening  it  does,  of  course,  possess  an 
important  place  in  gray  iron  applications  where  strength  and  wear 
resistance  must  be  maintained  under  severe  working  and  temperature 
conditions. 

*The  fact  that  further  softening  is  seen  to  take  place  above  1400°  F.  (760°  C ) 
does  not  contradict  the  fact  that  1400°  F.  (760°  C.)  is  usually  the  best  annealing 
temperature  in  ordinary  practice,  since  in  this  particular  case  unusually  slow 
cooling  rates  were  employed,  so  that  the  higher  temperature  anneals  must  be 
considered  as  superimposed  on  the  1400°  F.  (760°  C.)  anneal.  When,  as  was  the 
case  m Figure  33,  the  casting  is  air-cooled  from  the  annealing  temperature,  the 
hardness  will  decrease  very  little  or  not  at  all  after  heat  treatments  above  the 
critical  range. 
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TABLE  III'31' 


DECREASING  BHN  AFTER  ANNEALING  AT  1400°  F.  (760°  C.) 


Tensile  Strength 

Alloy  Addition 

to  Base 

After  Annealing 

Tensile  Strength 

Cr 

Mo 

Cu 

Ni 

V 

BHN 

psi 

As  Cast 

% 

% 

% 

% 

% 

217 

44,500 

46,200 

0.61 

0.56 

207 

43,100 

50,600 

0.47 

0.43 

0.52 

207 

40,000 

41,700 

0.56 

201 

38,200 

43,000 

0.50 

0.52 

197 

42,600 

55,500 

0.49 

0.43 

1.45 

187 

37,400 

52,400 

0.54 

0.65 

179 

40,000 

48,400 

0.47 

0.13 

156 

34,800 

45,400 

0.49 

1.45 

156 

33,000 

50,000 

0.54 

0.66 

156 

31,200 

41,000 

0.12 

149 

29,900 

41,700 

1.72 

146 

31,600 

44,000 

0.47 

143 

29,900 

43,500 

1.80 

143 

27,700 

37,400 

-Plain- 

Special  anneals  must  be  developed  for  cast  irons  of  unusual  analyses. 
For  example,  one  foundry  regularly  anneals  a 27%-29%>  high  chro- 
mium cast  iron  pump  impeller  casting  at  1475°  F.  (800°  C.)  attaining 
a Brinell  hardness  of  about  300;  the  casting  is  then  machined,  and 
again  heated,  this  time  to  1800°  F.  (980°  C.)  and  quenched  with 
forced  air.  A hardness  of  650  to  700  Brinell  results.  Thus,  by  a double 
heat  treatment  a machined  casting  can  be  produced  which  is  resistant 
to  the  most  severe  abrasive  conditions'32'.  Similar  double  heat  treat- 
ments can  be  applied  with  equal  success  to  plain  and  low-alloy  gray 
irons. 


Fig.  42.  28%  chro- 
mium cast  iron 
pump  impeller  an- 
nealed for  machin- 
ing and  then  heat 
treated  for  hardness. 
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d.  Influence  on  Properties. 

1.  Machinability.  The  annealing  process  is  applied  to  gray  iron  al- 
most exclusively  as  a means  for  promoting  machinability.  Its  extra- 
ordinary effectiveness  in  this  regard  has  been  illustrated  in  Figure  30. 
It  remains  to  be  pointed  out  briefly  what  machinability  means  in 
the  case  of  gray  iron,  and  to  demonstrate  the  importance  of  annealing 
the  material  as  a method  for  improving  machinability. 

The  property  of  a material  referred  to  by  the  term  “machinability” 
is  complex,  and  consists  of  a number  of  factors  which  are  only  to  a 
certain  extent  interdependent*!33).  Without  question,  however,  the 
factor  of  principal  importance  is  tool  life,  i.e.,  the  length  of  time  a 
cutting  tool  will  stand  up  under  certain  standard  conditions  of  speed, 
feed  and  depth  of  cut.  Another  factor  is  power  requirements:  if  the 
amount  of  power  necessary  to  remove  a given  amount  of  metal  can 
be  reduced,  less  costly  machine  tools  may  be  employed  for  machining 
operations.  In  the  case  of  gray  iron  annealing  greatly  improves 
machinability  as  judged  by  either  of  these  standards. 

This  improvement  in  machinability  is  illustrated  by  the  curves  in 
Figure  30,  which  show  the  total  volume  of  metal  that  can  be  re- 
moved at  given  cutting  speeds  before  the  wear  on  the  carbide  milling 
cutter  exceeds  a “wear  land”  of  0.030  inches.  The  upper  curve  marked 
ferrite-graphite”  represents  a completely  annealed  iron,  and  it  is  at 
once  evident  that  annealing  is  far  more  effective  in  increasing  machin- 
ability  than  the  alteration  from  fine  to  coarse  pearlite  in  the  as-cast 
structure  of  gray  iron  brought  about  by  changes  in  chemical  composi- 
tion or  casting  section.  The  machinability  of  the  completely  annealed 
iron  was  found  to  be  fifty  times  as  great  as  that  of  unannealed  gray 
iron  at  a cutting  speed  of  300  feet  per  minute,  and  eight  times  as  great 
at  a cutting  speed  of  1,100  feet  per  minute(22).  In  addition,  the  power 
requirement  was  reduced  to  % to  % of  that  required  before  anneal- 
ing!34). The  desired  ferrite-graphite  structure  is  preferably  brought 
about  by  the  low  temperature  ferritizing,  or  in  special  cases  by  a 
medium  anneal  (curves  B,  Bj  respectively  in  Figure  31).  It  is  evident 
that  many  high  speed  machining  operations  exist  where  the  advan- 
tages of  maximum  machinability  far  outweigh  the  moderate  expendi- 
ture for  annealing.  For  example,  on  one  job  involving  the  machining 
of  2,000  castings  per  day,  a saving  of  $1,500  a week  on  cutter  grinding 
was  effected  by  the  introduction  of  an  annealing  process  corresponding 
to  curve  B in  Figure  31. 

A dotted  curve  has  been  included  in  Figure  30  to  illustrate  the  effect 
on  tool  life  of  free  carbide  or  free  cementite  in  the  structure  of  a 
“medium”  pearlite  gray  iron.  Such  free  carbide,  i.e.,  carbide  in  excess 

*See  Chapter  VIII. 
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of  that  required  to  form  pearlite,  can  result  from  too  low  a content  of 
graphitizing  elements  such  as  carbon  or  silicon,  the  presence  of  car- 
bide-stabilizing elements,  or  too  rapid  a cooling  rate  brought  about  by 
chilling  or  casting  in  a very  thin  section. 

From  Figure  30  it  can  be  seen  that  up  to  a cutting  speed  of  250  feet 
per  minute  the  presence  of  5%  free  carbide  in  the  structure  does  not 
appreciably  lower  machinability  as  compared  to  as-cast  “fine”  or 
“medium”  pearlitic  irons.  However,  definite  sacrifice  in  machinability 
is  evident  at  higher  speeds  and  of  course  this  would  be  further  magni- 
fied by  higher  percentages  of  free  carbide.  It  will  be  recalled  this  free 
carbide  such  as  can  occur  in  chilled  areas  cannot  be  eliminated  at  sub- 
critical  temperature  but  requires  the  use  of  the  high-temperature 
anneal  (Curve  “C”  in  Figure  31). 

In  the  case  of  surface  finish,  the  third  of  the  properties  which  are 
normally  included  in  the  term  “machinability,”  annealing  has,  un- 
fortunately, a somewhat  deleterious  effect<34).  The  best  type  of  gray 
iron  as  regards  ability  to  take  an  extremely  smooth,  bright  finish  is 
one  with  a fine  pearlitic  matrix  and  a relatively  small  percentage  of 
finely  divided  graphite,  the  least  machinable  type  of  gray  iron  as  far 
as  tool  life  and  power  requirements  are  concerned  (see  Fig.  30).  In 
applications  where  ability  to  take  a fine  finish  is  of  primary  impor- 
tance, it  is  not,  therefore,  advisable  to  anneal  the  casting  completely. 

However,  where  an  unusually  smooth  surface  finish  is  not  a require- 
ment, and  where  the  reduction  in  hardness  and  strength  described 
below  can  be  allowed,  it  is  evident  that,  in  many  high-speed  machining 
operations,  the  savings  in  time,  tool-replacement  and  power  far  out- 
weigh the  cost  of  an  annealing  process.  It  is  remarkable  that  up  to 
now  this  unique  response  of  gray  iron  to  annealing  has  not  been  fully 
utilized  by  industry. 

2.  Other  properties.  A gray  iron  consisting  entirely  of  ferrite  and 
graphite  differs  somewhat  in  physical  properties  from  a pearlitic  iron. 
Some  of  these  changes  brought  about  by  annealing  may  be  harmful 
in  some  critical  applications,  and  in  any  case  the  heat-treater  should 
realize  that  the  annealed  casting  differs  from  the  same  casting  before 
annealing. 

Tensile  strength  may  be  reduced  10%  to  30%  using  the  anneals 
designed  to  eliminate  pearlite(-5).  Hardness  may  also  be  reduced  from 
30  to  150  Brinell  points  by  conversion  of  its  pearlite  to  ferrite  plus 
graphite(27).  This  reduction  in  hardness  is,  of  course,  very  valuable  as 
far  as  machinability  is  concerned,  but  may  be  accompanied  by  a cor- 
responding decrease  in  the  types  of  wear  resistance  that  depend  on 
surface  hardness. 
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Fig.  43.  Electrical 
motor  gear  case  an- 
nealed for  machin- 
ability. 


Some  oxidation  of  the  surface,  or  scaling,  may  take  place  at  the 
temperatures  employed  for  the  high-temperature  anneal,  unless  a con- 
trolled-atmosphere  furnace  is  used<28>.  Furthermore,  too  rapid  rates 
of  heating  to  or  cooling  from  the  annealing  temperature  can  cause 
distortion  in  the  casting,  especially  in  the  case  of  the  high  temperature 
anneal.  Both  of  these  considerations  indicate  the  advantage  of  using 
the  lowest  possible  annealing  temperature. 

On  the  credit  side,  the  softer  annealed  irons  have,  in  addition  to 
their  greatly  increased  machinability,  an  increased  impact  resistance 
or  toughness.  There  is  also  a certain  increase  in  damping  capacity, 
thermal  conductivity,  dimensional  stability,  electrical  conductivity 
and  related  electrical  properties'  6>.  It  has  also  been  found  advanta- 
geous to  anneal  gray  iron  before  enameling. 

It  may  be  seen  that  annealing  affects  many  of  the  physical  proper- 
ties of  gray  iron.  The  effect  of  this  change  in  properties  should  be 
taken  into  consideration  before  an  annealing  process  is  set  up.  In  many 
instances  a producer  may  desire  to  improve  machinability  without  re- 
ducing the  strength  to  the  comparatively  low  level  found  in  a pure 
ferrite-graphite  gray  iron.  In  this  case,  a partial  anneal  may  be  em- 
ployed, involving  the  breakdown  of  only  part  of  the  pearlite  and  the 
spheroidization  of  the  remainder.  This  partial  anneal  is  frequently 
employed  in  the  case  of  gray  irons  to  which  alloying  elements  have 
been  added  for  the  sake  of  improved  strength  and  wear  resistance. 
Although  the  usual  machinability  anneal  is  designed  to  reduce  hard- 
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ness  to  as  low  as  105-120  Brinell,  in  special  cases  such  as  the  pump 
impeller  casting  described  above  (Section  3d)  300  Brinell  was  con- 
sidered a machinable  hardness  level.  In  addition  many  low  alloy  irons, 
particularly  if  they  contain  appreciable  amounts  of  carbide-stabilizing 
elements  such  as  chromium,  resemble  steels,  and  their  hardness  can- 
not be  reduced  below  150-200  Brinell  with  any  type  of  anneal  (see 
irons  2 and  8 in  Fig.  40). 


e.  Summary  of  Recommended  Practices  of  Annealing  . . . 


PROCESS 

TYPE  OF  IRON 

REASON 

TEMP. 

TIMEf 

COOLING  RATE 

STRESS 

RELIEF 

— See  Previous  Section 

LOW 

TEMPERA- 

TURE 

ANNEAL 

Plain  and 
low  alloy 
irons 

Breakdown  of 
pearlite  to 
ferrite  and 
graphite  for 
maximum 
machinability 

1300°  F. 
to 

1400°  F. 
(700°  C. 
to 

760°  C.) 

45  min.  to 

1 hr.  per 
inch  of 
cross 
section 

Furnace  cool 

100°  F./hr. 
between  1000°  F. 
and  550°  F. 

(55°  C./hr. 
between  540°  C. 
and  290°  C.) 

MEDIUM 

ANNEAL 

Alloy  irons 
and  those 
not  respon- 
sive to  above 
low-tempera- 
ture anneal 

— ditto — 

1450°  F. 
to 

1650°  F. 
(790°  C. 
to 

900°  C.) 

About  45 
min.  per 
inch  of 
cross 
section 

Furnace  cool 
from  annealing 
temperature  to 
550°  F. (290°  C.) 

HIGH 

TEMPERA- 

TURE 

ANNEAL 

Mottled  or 
chilled  iron 

Elimination 
of  massive 
carbides  re- 
taining maxi- 
mum strength 
and  hardness 

1650°  F. 
to 

1750°  F. 
(900°  C. 
to 

955°  C.) 

1-3  hours 
+ 1 hour 
per  inch 
of  section 
size* 

Air  cool  to 

1000°  F.  (540°  C.) 
then  furnace 
cool  to  550°  F. 
(290°  C.) 

— ditto — 

For  maximum 
machinability 

— ditto — 

— ditto — 

Furnace  cool 
from  annealing 
temperature  to 
550°  F.  (290°  C.) 

tShorter  times  may  be  used  with  modern  radiant  heating  furnaces. 
^Carbides  may  often  be  eliminated  in  shorter  times. 


f.  Applications  . . . The  use  of  annealing  for  improving  the  machin- 
ability  of  gray  iron  is  gradually  spreading.  A recent  survey  on  heat 
treatment  conducted  by  the  Gray  Iron  Founders’  Society  showed  that 
66  of  the  102  foundries  which  reported  that  they  used  some  kind  of 
heat  treatment,  regularly  annealed  certain  of  their  castings  for  ma- 
chinability.  It  should  be  noted,  however,  that  only  about  one-fourth 
of  the  total  foundries  contacted  used  heat  treatment  in  any  form. 

Annealing  is  at  present  most  commonly  used  for  castings,  such  as 
those  for  the  automotive  industry,  which  are  subjected  to  highly- 
mechanized,  high-speed  machining  operations.  However,  many  other 
types  of  castings  are  being  annealed,  and  the  field  for  further  expan- 
sion of  the  process  is  broad. 
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Some  examples  of  castings  which  are  regularly  being  annealed  for 
machinability  are  as  follows  :(35) 


Air-conditioning  machine  parts 
Bushings 

Cylinder  blocks  — cylinder 
heads  — cylinders 
Diesel  parts 

Electrical  controlling  device  parts 

Electrical  machine  parts 

Electrical  meter  castings 

Gas  burner  parts 

Glass  mold  parts 

Hardware 

Lawn-mower  parts 


Machine  tool  parts 

Manifolds 

Pipe 

Pipe  fittings 
Pulleys 

Pump  housings 
Pump  parts 
Refrigerator  parts 
Sewing  machine  parts 
Textile  machine  parts 
Valve  guides  and  seats 
Washing  machine  parts 


g.  Conclusion  . . . Annealed  gray  iron  is  the  most  machinable  of  any 
ferrous  product.  The  relatively  great  effect  of  annealing  on  improving 
machinability  has  been  shown  to  be  due  to  the  unique  presence  of  flake 
graphite  in  gray  iron,  which  speeds  ferritization.  The  more  general 
use  of  annealing  and  consequent  expansion  of  the  above  list  will  in- 
crease the  usefulness  of  gray  iron  castings  to  industry  in  many  fields. 
The  purpose  of  this  section  is  to  alert  both  producers  and  users  to  the 
possibilities  in  this  direction. 


Fig.  44.  A group  of  typical  castings  regularly  annealed  in  a furnace  fired  by  hard 
coal  and  coke. 
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IV.  HEAT  TREATMENT  FOR  IMPROVED  WEAR  RESISTANCE 

AND  STRENGTH 

a.  Introduction  ...  In  previous  sections  the  use  of  heat  treatment  to 
relieve  stresses  and  to  soften  gray  iron  for  machining  has  been  de- 
scribed. However,  one  of  the  chief  and  most  valuable  uses  of  heat 
treatment  of  any  ferrous  material  is  to  improve  other  physical  proper- 
ties including  wear  resistance  and  strength.  The  possibility  of  improv- 
ing these  properties  rests  on  the  fact  that  gray  iron,  like  steel,  exists 
in  two  atomic  crystal  (allotropic)  forms,  depending  on  the  tempera- 
ture to  which  it  is  heated.  That  is,  above  a temperature  or  temperature 
range  referred  to  as  the  critical  or  transformation  temperature  (above 
about  1400°  F.  [760°  C.]  for  the  usual  gray  iron)f  the  iron  exists  in 
the  gamma  or  austenitic  form  and  is  capable  of  absorbing  0.80  % or 
more  carbon  in  solid  solution.  Below  this  transformation  temperature 
the  iron  reverts  to  an  alpha  form,  the  natural  structure  of  iron  at 
room  temperature,  in  which  carbon  is  practically  insoluble.  This  very 
drastic  structural  change  accompanying  the  gamma  (austenite)  to 
alpha  transformation,  and  the  ability  to  depress  the  temperature  of 
this  change  to  comparatively  low  temperatures  on  rapid  cooling,  per- 
mits the  structure  of  the  iron  to  be  altered  in  various  ways,  i.e.,  the 
iron  to  be  hardened,  and  special  properties  developed. 

Very  briefly,  the  essential  steps  to  produce  altered  physical  proper- 
ties and/or  improved  wear  resistance  involves  heating  a casting  or 
section  of  a casting  above  the  transformation  temperature,  usually  to 
a minimum  of  1500°  F.  (815°  C.),  and  cooling  it  at  a rapid  enough  rate 
so  that  the  normal  conversion  from  gamma  to  alpha  iron,  is  depressed 
to  a temperature  between  200°  and  400°  F.  (95°  and  205°  C.)  (con- 
siderably below  the  temperature  at  which  the  transformation  would 
normally  occur) , and  a martensitic  structure  is  formed.  Under  normal 
circumstances  this  critical  or  rapid  cooling  rate  is  produced  by  some 
type  of  quenching  of  the  heated  piece  in  water,  oil,  or  a similar 
medium*. 

The  analysis  of  the  gray  iron  or  other  ferrous  material  directly 
affects  its  response  to  heat  treatment,  particularly  as  concerns  the 
position  of  the  transformation  temperature  and  the  cooling  rate  neces- 
sary to  produce  the  required  martensitic  structure.  For  example,  two 

fSee  later  description  of  method  for  calculating  critical  temperatures  in  various 
gray  irons.  The  effect  of  silicon  in  reducing  the  solubility  of  carbon  in  austenite 
to  below  0.80%  is  described  in  Appendix  I. 

* A number  of  intermediate  structures  can  be  obtained  with  other  cooling  rates 
or  isothermal  transformations,  but  in  general  the  optimum  structure  for  maximum 
wear  resistance  is  the  martensitic,  and  in  general  maximum  physical  properties 
are  based  on  the  production  of  this  martensitic  structure  followed  by  tempering. 
The  theoretical  considerations  involved  in  the  hardening  process  will  be  considered 
in  Appendix  II. 
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of  the  essential  conditions  are  that  the  part  being  heat  treated  contain 
sufficient  carbon  in  solution  before  cooling  and  that  it  contain  a 
balance  of  alloying  elements  designed  to  facilitate  the  heat  treatment 
reactions.  It  is  fortunate  that  by  definition  gray  iron  contains  a carbon 
content  more  than  sufficient  to  result  in  an  optimum  reaction  to  any 
hardening  operation  and,  of  course,  alloys  can  be  added  to  gray  iron 
in  the  same  manner  as  to  other  ferrous  materials  in  order  to  intensify 
hardenability**.  (The  term  hardenability  is  here  used  to  denote  the 
ability  of  the  iron  to  develop  a martensitic  structure  to  a maximum 
depth  and  does  not  refer  to  the  intrinsic  hardness  of  the  iron  after 
heat  treatment.  For  a more  detailed  discussion  of  hardenability  see 
Appendix  II.)  Specific  effect  of  the  analysis  of  gray  iron  will  be  dis- 
cussed in  Section  2a  on  page  336. 

The  reader  may  be  somewhat  confused  by  the  fact  that  it  is  strongly 
recommended  throughout  this  whole  section  on  Hardening  that  a 
maximum  of  about  3.3%  carbon  (and  preferably  lower)  and  a silicon 
content  as  low  as  possible  (preferably  in  the  neighborhood  of  2%)  be 
employed  if  the  gray  iron  casting  is  to  respond  efficiently  to  heat  treat- 
ment. He  may,  therefore,  be  surprised  to  observe  that  many  of  the 
analyses  quoted  show  carbon  ranging  up  to  3.5%  and  silicon  up  to 
2.5%  with  apparently  good  response  to  specific  heat  treatment. 

Although  this  may  be  partially  due  to  variation,  to  appreciate  the 
advantages  possible  with  lower  carbon  and  silicon,  it  is  much  more 
probable  that  the  foundryman  has  found  that  a certain  range  of  analy- 
sis which  includes  the  higher  carbon  and  silicon  contents  is  advis- 
able to  produce,  for  example,  the  required  fluidity  and  other  casting 
qualities  necessary  to  the  production  of  sound  castings. 

Good  production  of  sound  castings,  free  from  chilling,  is  the  primary 
responsibility  of  the  foundry,  whether  jobbing  or  captive,  and  the 
foundryman  is  the  best  judge  of  the  base  composition  necessary  to 
produce  sound  castings  of  the  type  desired.  It  is  at  this  point  that  the 
value  of  alloys  is  most  strongly  felt.  Since  by  the  judicious  use  of  ele- 
ments such  as  chromium,  molybdenum  and  nickel,  hardenability  can 
be  at  least  partially  restored  to  a base  composition  that  would  be  too 
high  in  carbon  and  silicon  to  be  effectively  hardened  without  them. 
Chromium,  for  example,  gives  the  effect  of  a reduction  in  total  carbon 
and  to  some  extent  offsets  the  deleterious  effects  of  too  high  silicon. 
Molybdenum  also  increases  hardenability  that  tends  to  be  nullified  by 
too  high  silicon.  Nickel  can  be  used  as  a substitute  for  silicon  and  by 
reducing  the  temperature  of  the  transformation  point  directly  com- 
bats the  effect  of  silicon  which  tends  to  increase  it. 

Although  the  exact  quantities  of  these  alloys  necessary  to  produce 

**The  most  desirable  structures  and  compositions  for  special  heat  treatments  are 
described  later  in  detail. 
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these  effects  cannot  always  be  accurately  predicted  they  are  usually 
quite  low  as  indicated  by  analyses  quoted  in  the  text,  for  example, 
chromium  in  the  neighborhood  of  .40  to  .60%,  nickel  in  about  the  same 
range  and  molybdenum  around  .20  to  .40%  are  frequently  used. 

The  most  significant  point  is  that  the  foundryman  himself  must  be 
given  flexibility  in  the  choice  of  his  analyses.  It  does  not  matter  how 
responsive  a casting  is  to  heat  treatment,  if  it  is  not  initially  free  from 
defects  and  flaws. 

It  is  possible  either  to  harden  a casting  through  its  entire  thickness 
or  to  selectively  harden  the  outside  or  other  portions  of  the  iron  which 
need  to  attain  maximum  wear  resistance.  To  resist  wear  the  combina- 
tion of  a martensitic  structure  plus  graphite,  which  gives  one  of  the 
most  wear  resistant  types  of  material  known,  is  generally  desired. 

The  following  two  sections  will  deal  with  surface  hardening  gray 
iron  by  both  the  flame-hardening  and  induction-hardening  processes. 
A third  section  will  deal  with  quench  hardening  which,  as  opposed  to 


Fig.  45.  Flame-hardened  gray  iron, 
showing  typical  martensitic  structure. 
X500. 


surface  hardening,  involves  heat- 
ing the  entire  casting  above  the 
transformation  temperature. 

b.  Surface  hardening  by  the 
flame-hardening  method. 

1.  General  Considerations  . . . 

In  most  cases  where  increased 
wear  resistance  of  a gray  iron 
casting  is  desired,  simply  harden- 
ing the  surface  layer  is  sufficient 
to  produce  the  desired  result, 
since  wear  takes  place  only  at  the 
surface.  Furthermore,  in  some  in- 
stances because  of  considerations 
of  size  or  shape  it  is  actually  un- 
desirable or  impracticable  to 
harden  the  entire  casting,  and 
surface  hardening  is  the  only 
method  by  which  a wear-resistant 
part  may  be  economically  pro- 
duced. 


Flame  hardening  is  the  most  common  type  of  surface  hardening 
applied  to  gray  iron.  In  this  process  the  outer  layer  of  a casting  i: 
heated  to  a temperature  above  the  transformation  range  by  an  oxy 
acetylene  or  oxygen-gas  flame,  and  then  rapidly  cooled,  almost  alway: 
by  quenching,  to  promote  the  formation  of  martensite.  A photomicro 
graph  of  a typical  martensitic  structure  induced  by  flame  hardening 
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is  shown  in  Figure  45.  The  casting  after  treatment  thus  consists  of  a 
hard,  wear-resistant  outer  layer  of  this  type  and  a core  of  softer  gray 
iron  which  during  treatment  did  not  reach  a temperature  above  the 
transformation  point.  In  fact,  the  unhardened  part  immediately  be- 
low the  hardened  layer,  which  has  been  to  some  extent  heated  by 
the  flame,  may  even  be  partially  annealed  during  flame  hardening. 
Because  the  hardened  outside  layer  is  of  higher  strength,  and  com- 
pressive stresses  can  be  induced,  there  may  be  some  improvement 
in  fatigue  properties,  as  well  as  in  wear  resistance  of  the  flame  hard- 
ened casting. 

The  advantages  of  flame  hardening  as  a process  are  apparent.  The 
surface  of  a casting  may  by  this  process  be  rendered  hard  and  wear 
resistant  where  desired,  while  the  major  portion  of  the  part  retains 
the  advantageous  shock-resistance  and  machinability  of  unhardened 
gray  iron.  The  internal  stresses  introduced  by  flame  hardening  are 
usually  less  than  those  produced  by  “through  hardening”  in  which 
the  entire  casting  is  heated  above  the  transformation  temperature. 
The  ability  to  produce  compressive  residual  stresses  on  the  surface  of 
castings,  and  thereby  increase  their  fatigue  strength,  by  proper 
manipulation  of  flame  and  induction  hardening  processes,  is  just  be- 
ginning to  be  realized.  All  these  factors  indicate  that  in  the  case  of 
castings  of  intricate  design,  surface  hardening  may  be  the  only  prac- 
tical hardening  method. 

As  a further  advantage  it  may  sometimes  be  necessary  or  desirable, 
especially  with  large  castings  such  as  machine-tool  beds,  to  harden 
only  a relatively  small  section  of  the  surface  such  as  the  bed-ways. 
Here  again,  flame  hardening  is  the  logical  method  of  heat  treatment. 

The  economic  advantages  of  the  use  of  flame-hardened  gray  iron, 
as  compared  to  other  metallic  materials,  in  applications  where  wear 
resistance  is  a primary  requirement  should  also  be  pointed  out.  Gray 
iron  is  a low-cost  material  which  can  be  produced  as  an  integral  part 
in  almost  any  shape,  and  readily  machined  before  hardening.  It  has 
also  been  found,  particularly  in  the  case  of  large  dies,  that  gray  iron, 
as  compared  with  steel,  suffers  much  less  from  distortion  during  flame 
hardening,  and  consequently  costly  machining  and  grinding  of  the 
hardened  dies  can  be  eliminated.  These  savings  in  metal  cost,  fabrica- 
tion, and  machining,  accompanied  by  ready  response  to  heat  treat- 
ment, render  flame-hardened  gray  iron  an  obvious  choice  for  many 
wear-resistant  applications. 

These  advantages  of  flame-hardened  gray  iron  have  not  gone  un- 
recognized by  industry.  Flame  hardening  is  regularly  employed  on  a 
large  scale,  especially  in  the  automotive  and  machine-tool  industries. 
There  are  a number  of  producers  of  flame-hardening  equipment,  and 
much  literature  on  the  process  has  appeared.  It  is  the  purpose  of  this 
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section  to  correlate  the  available  information,  both  from  the  literature 
and  from  the  experience  of  those  regularly  engaged  in  flame  harden- 
ing gray  iron.  It  is  hoped  that  such  a summary  as  this  will  be  of  im- 
mediate value  both  to  heat  treaters  and  to  present  and  potential  users 
of  flame-hardened  gray  iron. 

2.  Gray  Iron  Castings  for  Flame  Hardening. 

a.  Recommended  Composition  . . . Both  plain  and  alloy  gray  irons  can 
be  successfully  flame  hardened.  However,  some  compositions  yield 
much  better  results  than  others,  and  an  effort  should  be  made  to  obtain 
castings  with  the  optimum  flame-hardening  characteristics  consistent 
with  other  requirements. 

One  of  the  most  important  factors  in  this  regard  is  the  combined 
carbon  content.  The  time  at  which  the  part  to  be  hardened  is  held 
above  the  transformation  temperature  is  of  necessity  quite  short, 
preferably  as  short  as  possible,  and  carbon  should  be  present  in  a form 
which  will  readily  dissolve  in  iron  at  high  temperature,  that  is,  iron 
in  the  austenitic  or  gamma  form.  One  of  the  most  soluble  forms  of 
carbon  is  the  lamellae  of  combined  carbon  in  pearlite,  which  in  a pearl- 
itic  iron  may  account  for  up  to  0.55  to  0.70%  carbon  or  approximately 
the  maximum  amount  of  carbon  soluble  in  austenite  just  above  the 
transformation  temperature.  Therefore,  an  iron  with  a high  percent- 
age of  pearlite,  that  is,  an  iron  with  a combined  carbon  content  of 
0.5-0.7  % is  recommended,  although  irons  with  as  little  as  0.4%  com- 
bined carbon  can  be  flame  hardened.  In  general  it  is  not  recommended 
that  more  than  0.8%  of  the  carbon  be  present  as  combined  carbon  or 
iron  carbide,  as  such  irons,  that  is,  mottled  or  white  irons,  may  tend  to 
crack  on  surface  hardening(36)(37>(38>(3aH4,,H«)  («). 

The  remainder  of  the  carbon,  that  is,  over  about  0.55-0.70%  in  gray 
irons,  will  be  present  as  graphite  flakes  which  dissolve  in  austenite 
much  more  slowly  than  pearlitic  carbide  does.  For  maximum  hardness, 
it  is  advisable  to  employ  an  iron  containing  as  small  an  amount  of  total 
carbon  as  is  consistent  with  the  production  of  sound  castings  free  from 
any  danger  of  cracking<37><3B><«>.  The  coarse  graphite  flakes  typical  of 
a high  carbon  iron  not  only  interfere  with  the  flame  hardening  opera- 
tion but  should  also  be  avoided  since  they  may  be  burned  out  during 
flame  heating,  thereby  producing  a porous  and  unattractive  surface^41). 

Since  high  silicon  promotes  the  formation  of  graphite  and  of  a low 
combined  carbon  content,  a relatively  low  silicon  content  is  also  advis- 
able. A number  of  operators  report  that  the  silicon  content  should  not 
exceed  2%  in  any  iron  submitted  to  a hardening  operation.  They  like- 
wise recommend  that  the  manganese  be  held  in  the  range  of  0.80  to 
1.00%  so  that  this  latter  element  contributes  to  the  hardening  action 

(97X98). 
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Gray  iron  to  be  flame  hardened  should  be  as  free  as  possible  from 
porosity  and  foreign  matter  such  as  sand  or  slag,  because  even  small 
inclusions  of  such  materials  tend  to  produce  a rough  surface  after 
hardening*43).  Since  skin  or  scale  on  the  surface  acts  as  a heat  insulator 
which  would  render  the  flame-hardening  process  less  effective,  rough 
casting  surfaces  particularly  should  be  sand  or  shot  blasted  prior  to 
heat  treatment* 44). 

b.  Effect  of  Alloys  ...  In  general,  alloyed  gray  irons  can  be  flame 
hardened  with  greater  ease  than  unalloyed  irons.  Partly,  this  is  be- 
cause alloy  irons  can  be  heat  treated  successfully  over  a wider  tem- 
perature range,  thus  minimizing  the  necessity  for  exact  pyrometric 
control*45).  Also  the  hardenability,  or  depth  of  the  martensitic  layer, 
is  increased  by  the  addition  of  most  alloying  elements*46). 

In  some  cases  the  final  hardness  may  also  be  increased  by  alloying 
additions.  The  maximum  hardness  obtainable  by  flame-hardening  a 
plain  gray  iron  with  approximately  3.0%  total  carbon,  1.7%  silicon 
and  0.60  to  0.80%  manganese  ranges  from  400  to  450  Brinell.  This  is 
due  to  the  fact  that  the  Brinell  hardness  figure  for  gray  iron  is  an 
average  of  the  hardness  of  the  groundmass  and  that  of  the  relatively 
soft  graphite  flakes.  Actually,  the  groundmass  hardness  on  which 
wear  resistance  is  dependent  approximates  600  Brinell.  With  the  ad- 
dition of  2.5%  nickel  and  0.5%  chromium,  an  average  surface  hard- 
ness of  550  Brinell  can  be  obtained.  The  same  result  has  been  found 
possible  using  1.0-1.5%  nickel  and  0.25%  molybdenum*47).  Small 
chromium  additions  are  particularly  valuable  in  preventing  softening 
and  insuring  retention  of  a high  combined  carbon  content  during  heat- 
ing to  the  hardening  temperature. 

The  most  common  alloy  additions  to  gray  iron  for  flame  hardening 
are  nickel,  chromium,  molybdenum,  vanadium  and  manganese.  All  of 
these  alloy  additions  generally  improve  the  hardness,  wear  resistance 
and  strength  of  flame-hardened  gray  iron*48). 

Table  IV  gives  the  composition  of  a group  of  alloy  gray  iron  cylinders 
(Fig.  46)  by  4"  which  were  hardened  by  spinning  at  400  RPM 
under  an  oxy-acetylene  flame,  followed  by  water-quenching.  The  total 
period  of  the  hardening  cycle  was  40  seconds.  Table  V shows  the  Rock- 
well-C  hardness  of  the  hardened  cylinders  at  various  depths  below  the 
surface.  It  will  be  noted  that  not  only  did  the  presence  of  alloys  con- 
siderably increase  the  surface  hardness  of  the  casting  after  heat  treat- 
ment, but,  particularly  in  the  case  of  the  chromium-nickel-molyb- 
denum iron,  the  depth  of  the  hardened  zone  was  somewhat  in- 
creased**49). 

*More  data  on  the  effect  of  alloying  elements  are  found  in  section  B-5. 
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TABLE  IV 


Plain 

Mo-A 

Mo-B 

Ni-Mo 

Cr-Mo 

Cr-Ni-Mo 

Total  Carbon 

3.19 

3.22 

3.20 

3.22 

3.21 

3.36 

Combined  Carbon 

0.69 

0.65 

0.58 

0.53 

0.60 

0.61 

Silicon 

1.70 

1.73 

1.76 

2.02 

2.24 

1.96 

Manganese 

0.76 

0.75 

0.64 

0.66 

0.67 

0.74 

Chromium 

0.03 

0.03 

0.005 

0.02 

0.50 

0.35 

Molybdenum 

0.013 

0.47 

0.48 

0.52 

0.52 

0.47 

Nickel 

- 

- 

Trace 

1.21 

0.06 

0.52 

Phosphorus 

0.216 

0.212 

0.187 

0.114 

0.114 

0.158 

Sulphur 

0.097 

0.089 

0.054 

0.067 

0.071 

0.070 

TABLE 

V 

Surface 

1/32" 

1/16"  3/32' 

1/8" 

5/32" 

7/32" 

9/16" 

Plain  Iron 

45 

49 

47 

40 

20-39 

20 

18 

16 

Mo-A 

55 

55 

54 

54 

32-50 

32 

16 

16 

Mo-B 

56 

55 

54 

54 

50 

30-48 

18 

18 

Ni-Mo 

52 

51 

50 

44 

40 

19 

19 

19 

Cr-Mo 

53 

53 

52  32-49  18-32 

18 

18 

18 

Cr-Ni-Mo 

52 

52 

52 

54 

53 

52 

31 

17 

Pig.  46.  Comparison  of  the  hardenability  of  various  plain  and  alloy  gray  irons. 
Composition  of  the  irons  are  shown  in  Table  IV  and  hardness  values  in  Table  V. 


Typical  alloy  gray  irons  for  machine  tools  that  are  to  be  flame 
hardened  may  contain : 

T.  C. 

C.  C. 

Si 
Mn 

These  irons  (see  Figure  68)  have  a fine  pearlitic  matrix  and  can  be 
hardened  easily(DOh  A relatively  high  steel  percentage  in  the  cupola 
charge  is  recommended  in  the  case  of  analysis  II. 

c.  Design  for  Flame  Hardening  . . . The  general  rules  that  should  be 
observed  in  designing  all  castings  apply  also  to  castings  that  are  to 
be  flame  hardened.  Extra  foundry  stock,  particularly  on  light  sections, 
should  be  provided  to  allow  for  possible  warpage  and  clean  up.  Holes 


i 

2.80-3.20% 

0.6%-Min. 

1.70-2.00% 

0.70-1.00% 


II 

2.80-3.40% 

1.50-1.80% 

0.75-1.10% 


Ni 

Cr  or  Mo 

P 

S 


1 

1.00-1.50% 

0.25% 

0.15%  Max. 
0.10%  Max. 


II 


0.20% 
0.15%  Max. 
0.10%  Max. 
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in  the  castings  should  preferably  be  countersunk  and,  whenever  pos- 
sible, should  be  located  in  such  a way  that  the  outside  of  the  hole  is 
at  least  14"  from  the  edge  of  the  casting.  Sudden  changes  from  light 
to  heavy  sections  in  the  flame-hardened  area  should  be  avoided,  and 
sharp  corners  should  be  eliminated  by  the  use  of  generous  fillets(27>. 

If  possible,  the  flame-hardened  area  should  be  so  designed  that  it 
may  be  heated  uniformly;  otherwise,  there  will  be  variation  in  the 
depth  of  the  hardened  layer.  Massive  parts  near  a thin  section  that  is 
to  be  flame  hardened  can  absorb  a large  portion  of  the  heat  and  may 
cause  non-uniformity  in  layer  depth.  Re-entrant  angles  cause  heat  to 
dissipate  rapidly  and  salient  angles  act  as  heat-concentrating  spots. 
In  both  cases  the  uniformity  of  the  hardened  layer  may  be  affec- 
ted(47><51>.  It  should  be  noted,  however,  that  flame  hardening  is  the  only 
way  by  which  re-entrant  angles,  slots,  etc.  can  be  satisfactorily  hard- 
ened. Wall  sections  and  ribs  adjoining  the  hardened  surface  should  be 
at  least  i/2"  thick<27>. 

Because  of  the  difficulty  of  achieving  a martensitic  layer  of  uniform 
thickness  at  edges,  it  might  prove  useful  to  specify  whether  full  hard- 
ness is  required  at  the  extreme  ends  of  hardened  surfaces. 
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Fig.  47.  The  progressive  method  of 
hardening.  Either  the  torch  moves 
relative  to  the  work  (A  and  B)  or 
the  work  relative  to  the  torch  (C). 
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3.  Methods  and  Equipment  for  Flame  Hardening. 

a.  Types  of  Flame  Hardening  . . . The  methods  of  flame  hardening  ap- 
plied to  gray  iron  have  been  divided  in  four  classes,  depending  on  the 
relative  positions  of  the  casting  and  the  heating  torch  or  torches'305. 
Stationary  Hardening:  In  this  case  neither  the  casting  nor  the  torch 
moves  during  the  heat  treatment.  The  hardening  effect  is  limited  to 
the  area  under  the  torch.  This  process  has  limited  applications. 
Progressive  Hardening:  In  this  method  either  the  work  moves  relative 
to  the  torch  or  the  torch  moves  relative  to  the  work  (see  Fig.  47.). 
Usually  the  heated  area  is  progressively  quenched  by  a water  spray 

which  follows  the  movement  of 
the  torch. 

Spinning : The  work  spins  under  a 
stationary  flame  (see  Fig.  48). 
The  work  is  usually  rotated  in  the 
flame  until  the  entire  periphery 
has  reached  the  necessary  tem- 
perature, at  which  point  the  flame 
is  shut  off  and  a quench  is  applied. 
Progressive  Spinning:  This  is  a 
combination  of  the  progressive 
hardening  and  the  spinning 
methods,  usually  applied  to  long 
cylindrical  castings  (see  Fig.  49). 
Frequently,  for  example,  the  cast- 
ing is  rotating  between  the  cen- 
ters of  a lathe,  while  the  torch  or 
torches  on  the  lathe  carriage  pro- 
gressively move  along  the  length 
of  the  casting. 

b.  Flame  Hardening  Equipment  . . . Although  it  is  impossible  to  de- 
scribe here  each  of  the  numerous  flame-hardening  machines  available 
for  use  on  gray  iron,  some  attempt  will  be  made  to  indicate  what 
equipment  is  available  and  to  give  a few  typical  examples  of  modern 
flame-hardening  installations.  The  reader  is  referred  to  the  illustra- 
tions of  this  section  in  which  many  types  of  equipment  are  shown.* 

The  simplest  type  of  flame-hardening  installation  is  a welding  torch 
mounted  on  the  carriage  of  a lathe  or  an  oxy-acetylene  cutting 
machine'395.  Such  a set-up  has  been  successfully  used  for  the  very 
simplest  type  of  flame  hardening.  For  more  complicated  operations, 

*The  following  typical  producers  of  flame-hardening  equipment  can  supply  the 
reader  with  more  detailed  information:  Air  Reduction  Sales  Company,  New  York, 
New  York;  Cincinnati  Milling  Machine  Company,  Cincinnati,  Ohio;  R.  K.  LeBlond 
Machine  Tool  Company,  Cincinnati,  Ohio;  Linde  Air  Products  Company,  New 
York,  New  York;  and  Stearns-Roger  Manufacturing  Company,  Denver,  Colorado. 


Fig.  48.  Special  equipment  for  the 
flame-hardening  of  gears  by  the  spin- 
ning method. 
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special  flame-hardening  torches 
may  be  purchased.  However,  if 
flame-hardening  is  to  be  used  on  a 
production  scale  or  if  a large  num- 
ber of  castings  are  to  be  handled, 
it  is  usually  advisable  to  employ 
one  of  the  commercially  available 
flame-hardening  machines,  many 
of  which  can  be  adapted  to  a wide 
variety  of  jobs. 

Typical  oxy-acetylene  torches 
suitable  for  the  flame  hardening 
of  gray  iron  are  shown  in  Figures 
50  and  51.  When  large  areas  are 
to  be  hardened,  water-cooled  tips 
give  the  best  results.  Typical 
large-capacity  flame-hardening 
tips  are  shown  in  Fig.  52.  Fig.  53 


Fig.  49.  Progressive  spinning  of  a 
long,  cylindrical  casting. 


demonstrates  a method  of  harden- 
ing a large,  flat  area  using  multiple  torches,  with  several  torches  mani- 
folded on  one  tip.  A special  tip  for  the  hardening  of  internal  rounds 
is  shown  in  Fig.  54. 


The  use  of  flame-hardening  machines  is  recommended  where  high 
productivity  is  important.  These  machines  present  the  advantages  of 
exact  pyrometric  control  (especially  important  when  flame-hardening 


Pig.  50.  A disassembled  air-cooled,  oxy-acetylene  flame-hardening  torch  rated  at 
600  cubic  feet  of  acetylene  per  hour. 


Pig.  51.  A disassembled,  water-cooled,  oxy-acetylene  flame-hardening  torch  rated  at 
2250  cubic  feet  of  acetylene  per  hour.  This  torch  is  designed  for  use  on  large  areas. 


341 


HEAT  TREATMENT  OF  GRAY  IRON 


Fig.  52.  Large  water-cooled  tips  for  pro- 
gressive hardening.  The  smaller  holes  on 
the  slanted  surface  are  for  the  water 
quench. 

gray  iron) , adaptability,  uniform- 
ity of  results,  and  speed  of  per- 
formance. Two  such  machines  are 
illustrated  in  Figures  55  and  58. 

The  flame-hardening  machine 
shown  in  Fig.  55  is  essentially  de- 
signed for  hardening  by  spinning 
but  can  also  be  adapted  to  progressive  and  stationary  hardening  jobs. 
Fig.  56  shows  this  machine  in  the  process  of  spin  hardening  camshafts 
made  of  alloy  gray  iron  at  the  rate  of  one  hundred  shafts  per  hour, 
and  Fig.  57  shows  the  cross  section  of  a hardened  camshaft.  The 
machine  is  equipped  with  a radiation-type  pyrometer  which  shuts  off 
the  flame  automatically  as  soon  as  the  predetermined  temperature  at 
the  surface  of  the  piece  is  reached  and  drops  the  casting  into  a quench 


Fig.  53.  Multiple 
torches  and  a com- 
posite tip  being  used 
for  hardening  an 
area  16  inches  wide 
by  5 feet  long  in  one 
pass. 
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tank  below  the  spindle  assembly.  The  pyrometer 
controls  the  temperature  to  plus  or  minus  5°  F. 
(3°  C.)  and  therefore  insures  greater  uniform- 
ity than  can  be  obtained  by  manual  operation, 
especially  since  heating  may  take  place  at  the 
rate  of  500°  F.  (280°  C.)  per  second(53)(04><55><5,i>. 

The  flame-hardening  machine  shown  in  Fig. 
58,  which  is  also  equipped  with  a radiation-type 
pyrometer  permitting  either  automatic  or  man- 
ual operation,  illustrates  the  versatility  of  such 
equipment.  It  can  be  set  up  for  hardening  by 
the  spinning  method,  in  which  case  the  casting 
may  be  mounted  either  horizontally  or  vertical- 
ly, and  it  can  be  used  for  hardening  by  the 


Fig.  54.  Special  tip  for  hardening  internal  rounds. 


Fig.  55.  General  view  of  a modern  flame- 
hardening machine  (described  in  text); 
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Fig.  58.  Versatile  flame-hardening 
machine  for  use  on  gray  iron  (de- 
scribed in  text). 


Fig.  56.  Fully  automatic  hardening 
of  alloy  gray  iron  automotive  cam- 
shafts by  the  machine  shown  in 
Fig.  55. 


Fig.  57.  Cross  section  of  the  hard- 
ened gray  iron  camshaft  shown  in 
Fig.  56.  These  camshafts  are  given 
a Vi"  case  with  a surface  hardness 
of  50  on  the  Rockwell-C  scale. 
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rotary  progressive  method,  the  vertical  progressive  method  or  com- 
binations of  these  methods.  This  machine  is  especially  adaptable  for 
hardening  such  parts  as  gear  teeth,  shafts,  rolls  and  wheels.  Quench- 
ing is  usually  accomplished  by  a water  spray  following  the  heating 

cycle(57)(58>. 

It  can  readily  be  seen  that,  with  such  a variety  of  flame-hardening 
apparatus  available,  almost  any  shape  of  gray  iron  casting  can  be 
surface  hardened  in  whole  or  in  part  on  a production  basis.  As  noted 
above,  it  is  sometimes  advisable  when  setting  up  a process  for  a par- 
ticular job  to  consult  manufacturers  of  flame-hardening  equipment  for 
specific  recommendations. 

c.  Fuel  . . . The  fuel  most  commonly  used  for  flame  hardening  is 
acetylene  plus  oxygen.  The  advantages  of  using  acetylene  as  compared 
with  other  common  fuel  gases  in  conjunction  with  oxygen  is  shown  in 


the  comparison  of  theoretical  flame  temperatures  in  Table  VI(3U>'92>. 

TABLE  VI 

Theoretical 

Fuel 

Oxygen  to 

Flame 

Gas  Ratio 

Temperature 

Acetylene 

1.5:1 

5630°  F.  (3100°  C.) 

Propane 

4:1 

4780°  F.  (2650°  C.) 

Methane 

2:1 

4950°  F.  (2730°  C.) 

City  Gas 

Varies 

*Approximate 

*4900°  F.  (2700°  C.) 

4.  Procedure 

a.  Temperature  . . . Since  martensite  can  only  be  formed  by  heating 
gray  iron  above  the  transformation  point  and  rapidly  quenching  it, 
only  that  portion  of  the  casting  which  has  reached  a sufficiently  high 
temperature  will  be  hardened.  In  the  case  of  flame  hardening,  only  a 
thin  layer  at  the  surface  of  the  casting  is  so  heated.  The  interior  of 
the  casting  either  remains  unaffected  or  undergoes  a slight  annealing 
operation  during  the  treatment'401. 

Since  the  transformation  point  of  gray  iron  is  affected  by  composi- 
tion, it  is  usually  important  to  know  the  composition  of  the  casting  to 
be  treated.  As  a general  rule,  the  transformation  point  (critical  tem- 
perature) of  a casting  can  be  determined  by  the  following  formula: 

Critical  temperature  in  °F.  = 

1346  + 50.4  (%  Si)  -45.0  (%  Mn) 
or 

Critical  temperature  in  °C  = 

730  + 28  (%  Si)  -25  (%  Mn). 

Thus,  for  a gray  iron  containing  2.0%  Si  and  0.5%  Mn,  the  proper 
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transformation  temperature  would  be  approximately  1424°  F.  (773.5° 
C.)(37)(40)_  jn  this  case  a flame-hardening  temperature  of  about  1500°  F. 
(815°  C.)  exceeds  the  transformation  temperature  and,  assuming  the 
required  combined  carbon  in  the  iron,  is  sufficient  to  insure  an  efficient 
response  to  the  flame-hardening  operation.  If  carbide-forming  ele- 
ments, such  as  chromium  or  vanadium  are  present  in  the  iron,  some- 
what higher  temperatures  than  the  usual  1450-1550°  F.  (790-845°  C.) 
are  required(59>. 

Although  it  is  necessary  to  heat  the  area  to  be  hardened  well  above 
the  transformation  point,  one  should  in  all  cases  avoid  using  too  high 
a temperature. 

The  proper  martensitic  structure  to  be  obtained  in  flame  hardening 
is  shown  in  Fig.  59(59>.  If  the  temperature  is  increased,  both  plain  and 
alloyed  gray  iron  will  form  a coarse  martensite,  such  as  that  shown 
in  Fig.  60(4-l).  The  formation  of  such  coarse  martensite  at  the  surface 
is  generally  more  pronounced  in  plain  gray  iron(60>.  Such  a structure 
is  usually  satisfactory  in  castings  where  high  wear  resistance  is  the 
principal  property  desired,  but  may  prove  harmful  in  impact-loaded  or 
locally  stressed  parts(4j).  The  presence  of  coarse  martensite  may  also 
render  the  iron  susceptible  to  grinding  cracks<39).  If  for  some  reason 
the  gray  iron  is  heated  to  extremely  high  temperatures  approaching 

the  melting  point  of  the  material,  an 
undesirable  formation  of  white  iron 
may  result  (see  Fig.  61). 

The  importance  of  heating  the 
casting  to  the  proper  temperature 
and  no  higher  and  the  necessity  of 
heating  all  of  the  area  to  be  hard- 
ened to  the  desired  temperature  at 
an  equal  depth  are  obvious  from  the 
above  considerations.  It  should  be 
remembered  that  the  melting  point 
of  gray  iron  is  lower  than  that  of 
steel,  and  heat  treaters  experienced 
in  steel  should  use  special  care  to 
avoid  over-heating(43>.  The  tempera- 
ture of  a piece  may  be  easily  under- 
estimated by  the  operator  not 
equipped  with  pyrometric  controls, 
since  the  bright  flame  impinging  on 
the  surface  makes  the  casting  look 
relatively  dull ; a general  rule  in  such 
cases  would  be  to  heat  the  casting 


Fig.  59.  Fine  martensite  produced 
by  flame-hardening  gray  iron  at  the 
proper  temperature  to  promote  op- 
timum wear  resistance.  X500. 
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until  the  area  under  the  flame  shows 
a very  faint  color.  However,  in  all 
cases  it  is  recommended  that  one  of 
the  inexpensive  commercially  avail- 
able temperature  indicators  be  used. 

Care  should  be  taken  to  avoid 
over-heating  at  edges.  It  is  frequent- 
ly advisable  to  plug  holes  with 
graphite  or  other  heat-resistant  ma- 
terials, so  that  heat  concentration 
will  not  cause  over-heating(43).  In 
some  cases  copper  shields  in  holes 
and  at  sharp  corners  have  been  more 
effective  than  plugs  of  heat-resist- 
ing materials. 

One  difficulty  connected  with  any 
kind  of  progressive  hardening  is 
illustrated  in  Fig.  62,  which  shows 
diagramatically  the  flame  harden- 
ing of  a slowly  turning  cylindrical 


Fig.  60.  Coarse  martensite  pro- 
duced by  the  use  of  unnecessarily 
high  flame-hardening  tempera- 
tures. X500. 


casting.  The  points  of  equal  temperature  are  connected  by  lines 
called  isotherms,  in  the  figure.  The  shaded  portion  of  the  illustration 
shows  the  area  heated  above  the  transformation  point,  that  is,  the 
area  which  may  be  converted  to  martensite.  As  the  cylinder  is  turned 


Fig.  61.  White  iron  produced  by 
heating  to  a temperature  approach- 
ing the  melting  point  of  gray  iron. 


in  a counterclockwise  direction,  the 
shaded  area  is  quenched  by  a jet  of 
coolant  and  becomes  martensite.  As 
the  cylinder  is  again  turned,  the 
point  B,  now  hardened,  is  again 
heated,  this  time  to  below  the  trans- 
formation temperature.  Heating  to 
this  temperature  may  soften  the 
martensite  to  a certain  degree  and 
reduce  its  wear  resistance.  If  this 
is  found  undesirable  and  if  the  ge- 
ometry of  the  piece  permits,  consid- 
eration might  be  given  to  spin  hard- 
ening, i.e.,  heating  the  entire  casting 
rapidly  and  uniformly,  and  then 
quenching  it  by  total  immersion  in 
the  quenching  medium(80), 

b.  Speed  of  Movement ...  In  the  pro- 
gressive method,  the  slower  the 
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Fig.  62.  Illustrating  the  temperature  con- 
ditions in  a cylindrical  piece  immediately 
underneath  the  torch.  Note:  Tempera- 
tures are  given  in  centigrade! ®°). 

speed  of  travel  of  the  torch  relative 
to  the  casting,  the  longer  will  be  the 
time  allowed  for  heat  to  penetrate 
into  the  casting 
and  the  deeper  will  -j 
be  the  thickness  of 
the  hardened  layer 
(43).  Since  speed  of  movement  is  us- 
ually the  most  easily  controlled  of 
the  variables  connected  with  flame 
hardening  it  is  usually  adjusted  to 
conform  to  the  hardened  depth  de- 
sired in  a particular  instance.  How- 
ever, it  may  be  said  that  progressive  speeds 
in  the  range  of  4 to  7 inches  per  minute  gen- 
erally produce  the  best  results.  Fig.  63,  which 
shows  this  relationship  between  the  depth 
of  the  hardened  layer  and  the  speed  of  travel 
of  the  flame  for  both  alloyed  and  unalloyed 
gray  iron,  demonstrates  that  unalloyed  gray 

iron  requires  a slower  speed  of  travel  than  alloyed  iron  to  produce  a 
hardened  layer  of  equal  depth' 10)(so). 

In  the  spinning  method,  of  course,  spinning  the  casting  under  the 
torch  for  a longer  time  has  the  same  effect  as  using  a slower  speed  of 
movement  in  progressive  hardening. 


Distance  from  Surface 


Fig.  63.  Relation  of 
speed  of  travel  to 
depth  of  hardened 
layer  for  plain  and 
alloy  gray  iron.  In 
this  case  the  alloy- 
ing element  was 
nickeK4G>. 


348 


HEAT  TREATMENT  OF  GRAY  IRON 


c.  Position  of  the  Heating  Tip  ...  In  order  that  the  surface  of  the 
casting  may  be  heated  to  the  flame-hardening  temperature  in  the  least 
possible  time,  a carefully  regulated  distance  between  the  heating  tip 
and  the  work  surface  must  be  maintained.  It  has  been  found  that  the 
highest  possible  temperature  is  reached  when  the  surface  of  the 
casting  is  1/16"  and  1/8"  from  the  inner  cone  of  the  oxy-acetylene 
flame1  The  distance  between  the  tip  and  the  work  surface  varies 
with  different  tip  sizes  but  usually  falls  in  the  range  0.55  to  0.65  inches 
(4„, (..:>)  Since  it  is  especially  important  that  the  distance  between  the 
tip  and  the  surface  be  kept  constant  during  progressive  hardening, 
care  should  be  taken  when  hardening  by  this  method  to  align  the 
casting  surfaces  so  that  they  are  perfectly  parallel  with  the  direction 
of  flame  travel*  45>. 

Although  the  flame  is  usually  directed  at  an  angle  of  90°  to  the  work 
piece,  a deviation  of 
as  much  as  30°  from 
the  perpendicular 
may  be  made  when 
necessary  without 
any  appreciable  loss 
in  the  effectiveness 
of  the  hardening  op- 
eration*111). Within 
these  limitations, 
standard  multiflame 
hardening  tips  may 
be  operated  hori- 
zontally, vertically 
or  in  any  other  posi- 
tion required  by  the 

particular  operation 
(61). 

d.  Flame  Adjust- 
ments . . . The  veloc- 
ity of  the  oxygen- 
acetylene  input  is 
usually  regulated  at 
just  below  the  blow- 
off  point.  If  there  is 
some  tendency  for 

Fig.  64.  Recommended 
acetylene  pressure  for 
flame  hardening  a 
large,  flat  area*45). 


0"  1"  2"  3”  4" 

1 9 17  25  33 

Width  of  Surface  to  be  Hardened  in  Inches  and  No.  of  Flames  Applied 
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the  flames  to  blow  off  when  burning  free,  they  will  usually  be  found 
to  be  properly  adjusted  when  impinging  on  the  work  piece* 45>. 

As  far  as  the  relative  consumption  of  oxygen  and  acetylene  is  con- 
cerned, a neutral  flame,  that  is,  one  containing  an  equal  mixture  of 
these  two  gases,  has  been  found  satisfactory.  However,  a slightly 
oxidizing  flame  produces  a higher  temperature,  and  should  be  em- 
ployed by  experienced  operators(47)(01).  There  is  some  tendency,  when 
an  oxidizing  flame  is  used  on  gray  iron,  for  the  graphite  flakes  to  burn 
out,  thus  producing  an  unattractive  surface.  Careful  handling  by  an 
experienced  operator  can  eliminate  this  possibility(45>. 


The  acetylene  pressure  employed  in  flame  hardening  naturally  de- 
pends on  a number  of  factors,  including  size  and  number  of  the  torch 
or  torches  employed.  Figures  64  and  65  show  the  recommended  acety- 
lene pressures  for 
two  types  of  heat 
treating  operations 

(45). 

e.  Oxygen  and  Gas 
Consumption  . . . 
The  consumption  of 
oxygen  and  acety- 
lene required  to 
harden  a given  area 
of  the  surface  of  a 
gray  iron  casting 
depends  on  the 
depth  of  hardness 
desired.  A few  typi- 
cal figures  are 
shown  in  Table  VII, 
which  is  based  on 
an  oxygen  to  acety- 
lene ratio  of  1.1  to 
1.0*02>. 

These  results  are 
based  on  a torch 
with  a four  inch  tip. 
If  a three  inch  tip 
is  to  be  used,  about 
ten  per  cent  should 
be  added  to  the  gas 
consumption  ; fif- 
teen per  cent  should 


1"  2"  3"  4" 

9 17  25  33 

i of  Surface  to  Which  Flames  are  Applied  and  No.  of  Flames 


Fig.  65.  Recommended  acetylene  pressure  for  flame 
hardening  two  flat  areas  perpendicular  to  each  other* 45). 
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be  added  for  a two  inch  tip  and  twenty  per  cent  for  a one  inch  tip. 

/.  Quenching  ...  In  order  that  a hard  layer  of  martensite  may  be 
formed,  the  casting,  once  it  is  heated  by  the  flame,  must  be  quenched, 
that  is,  its  temperature  must  be  rapidly  reduced  to  the  point  of  mar- 
tensitic formation  generally  from  200  to  400°  F.  (95  to  205°  C.).  This 
quenching  is  most  usually  accomplished  by  a water  spray  issuing 
from  holes  drilled  into  a water  distribution  chamber  in  the  heating 
head,  often  referred  to  as  “tip.”  The  water  spray  is  directed  at  an 
angle  of  10°  to  20°  from  the  perpendicular  and  strikes  the  casting 
one  half  to  one  and  a quarter  inches  behind  the  flame,  the  greater 
distance  within  this  range  being  used  with  alloy  irons(30). 


Depth 

Speed 

TABLE  VII 

Coverage 

Acetylene 

Oxygen 

in. 

in.  /min. 

sq.  in.  /min. 

cu.  ft./sq.  in. 

cu.  ft./sq.  in. 

5/16 

2 

8 

.55 

.61 

1/4 

3 

12 

.37 

.40 

3/16 

4 

16 

.28 

.30 

1/8 

5 

20 

.22 

.24 

1/16 

6 

24 

.18 

.20 

Regulation  of  the  water  spray  is  also  important.  If  the  velocity  of 
the  spray  is  too  great,  the  water  will  tend  to  bounce  off  the  surface, 
thus  minimizing  the  quenching  effect  and  in  some  cases  interfering 
with  the  action  of  the  flame.  The  usual  water  spray  pressures  are 
between  60  and  100  pounds  per  square  inch.  The  volume  of  water 
should  in  all  cases  be  sufficient  to  keep  the  area  behind  the  torch  con- 
tinuously covered  with  water.  If  for  some  reason  it  is  necessary  to 
flame  harden  with  the  flame  impinging  upward  on  the  surface  of  a 
casting,  auxiliary  quenching  tips  must  generally  be  supplied  in  order 
that  the  heated  surface  may  be  cooled  at  a sufficiently  rapid  rate  to 
promote  maximum  hardening(ci)(62)(63)> 

When  castings  of  relatively  thin  cross  sections  are  to  be  hardened 
by  the  progressive  method,  an  auxiliary  jet  is  sometimes  installed 
which  projects  a water  spray  in  front  of  the  flame.  This  “fore  quench,” 
which  limits  the  extent  of  the  heated  area  to  the  zone  between  the  two 
jets,  tends  to  minimize  distortion  during  heat  treatment.  A copper 
shield  is  sometimes  installed  behind  the  leading  spray  to  prevent  its 
interference  with  the  flame(30)(ei>. 
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Although  water  is  the  most  usual  quenching  medium  applied  to 
gray  iron,  in  some  cases  where  cracking  or  distortion  may  occur  a less 
drastic  quench  may  be  employed.  Since  oil  as  such  is  too  inflammable 
to  be  used  as  a spray  near  a flame,  a soluble  cutting  oil,  similar  to 
that  used  in  high-speed  machining  operations,  containing  about  six 
per  cent  oil  may  be  used.  A very  useful  compromise  is  to  spray  the 
heated  part  with  the  water  at  90-110°  F.  (35-45°  C.).  Water  at  this 
temperature  has  almost  the  same  cooling  effect  as  oil(95>.  Some  high- 
alloy  irons  may  even  be  quenched  in  a stream  of  air  blown  against  the 
heated  surface(64).  In  the  case  of  certain  flame-hardening  operations, 
such  as  spinning,  the  entire  heated  piece  is  immersed  in  the  quenching 
medium.  If  water  is  used,  the  severity  of  the  quenching  effect  can  be 
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Fig.  66.  Cooling  by  partial  submersion^). 


to  some  extent  regulated  by  agitation  of  the  water  bath ; however,  an 
oil  bath  is  more  commonly  employed. 

When  single  flat  surfaces  are  to  be  flame  hardened,  quenching  may 
be  accomplished  by  immersing  the  entire  casting  in  water  or  soluble 
oil  to  a point  within  one  half  inch  of  the  surface  to  be  hardened.  Heat 
is  extracted  from  the  heated  area  by  the  cooled  body  of  the  casting 
at  a sufficient  rate  to  promote  the  formation  of  martensite  (see  Figure 
66)  <45>.  The  same  principle  is  involved  in  the  process  known  as  “spot 
hardening.”  When  it  is  necessary  to  harden  only  certain  spots  on  the 
surface  of  a large  casting,  these  small  areas  may  be  briefly  heated  by 
a torch ; when  the  torch  is  removed,  rapid  dissipation  of  heat  to  the 
body  of  the  casting  is  sufficient  to  harden  the  desired  spots'85'. 


g.  Control  of  Defects  . . . Distortion  — As  a rule,  distortion  induced 
by  flame  hardening  of  gray  iron  is  relatively  small.  The  absence  of  a 
clearly  defined  elastic  limit  in  gray  iron  permits  the  material  to  adjust 
itself  to  some  extent  to  relatively  low  stresses,  and  the  graphite  flakes 
present  in  this  material  have  a desirable  cushioning  effect  for  this  ad- 
justment. Furthermore,  in  flame  hardening  only  a relatively  thin 
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surface  layer  is  subjected  to  high  temperatures,  so  that  the  changes 
in  total  volume,  and  therefore  the  resulting  stresses  and  distortion,  are 
less  than  in  many  other  hardening  processes'44)'66). 

Nevertheless,  under  certain  conditions  distortion  may  occur.  Such 
distortion  is  brought  about  by  stresses  set  up  either  by  the  difference 
in  volume  between  the  austenitic  or  gamma  iron  formed  at  the  high 
flame-hardening  temperatures  and  the  low-temperature  product  of 
the  treatment,  martensite,  or  by  the  difference  in  temperature,  and 
therefore  of  volume,  between  the  heated  outer  layer  of  the  casting 
and  the  unheated  internal  portions.  Distortion  arising  from  these 
causes  can  usually  be  eliminated  by  avoiding  unnecessarily  high  tem- 
peratures of  treatment,  or  by  avoiding  unnecessary  depth  of  the 
hardened  layer'37)'46).  Partial  immersion  of  the  casting,  as  shown  in 
Figure  66,  has  been  found  to  reduce  distortion'46).  In  the  case  of  long, 
flat  castings,  flame  hardening  on  both  sides  will  compensate  for  any 
distortion  that  may  have  resulted  from  flame  hardening  on  one  side 
only'67). 

If  the  distortion  is  caused  by  internal  stresses  induced  during  the 
casting  process,  a short  stress-relief  anneal  at  low  temperatures  (800- 
900°  F.,  430-485°  C.)  may  be  advisable,  especially  in  the  case  of  cast- 
ings of  intricate  design'37)'43)'66). 

Spalling  — Spalling,  that  is,  the  breaking  off  of  the  hardened  layer 


Fig.  67.  Progressive  flame  hardening  of  lathe  bedways. 
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from  the  body  of  the  part  because  of  a highly  stressed  condition  at  the 
junction  of  the  hardened  layer  and  the  underlying  material,  is  very 
seldom  a problem  in  the  case  of  flame-hardened  gray  iron.  The  tran- 
sition zone  between  the  hard  surface  and  the  softer  underlying  zone 
is  usually  very  gradual,  thus  yielding  no  sharp  boundary  at  which 


Fig.  68.  Cross-section  of  lathe  bed- 
ways,  shown  in  Fig.  67,  showing 
the  hardened  layer. 


failure  may  occur.  In  one  typical  case,  that  of  the  flame-hardened  gray 
iron  latheway  shown  in  Figures  67  and  68,  specimens  taken  from  the 
casting  were  bent  and  subjected  to  impact;  in  all  cases,  failure  of  the 
material  occurred  before  spalling  of  the  hardened  zone<37><68>.  If  any 
problem  of  this  type  is  encountered  it  can  be  readily  corrected  by  ad- 
justing the  composition  of  the  material  and  by  the  application  of  a 
less  drastic  quench. 

Edges  and  Holes  — Holes  and  edges  show  a tendency  to  heat  more 
rapidly  than  the  rest  of  the  casting  because  the  dissipation  of  heat 
into  the  body  of  the  casting  is  less  rapid  near  such  points.  An  increase 
in  the  speed  of  travel  of  the  flame  relative  to  the  casting  should 
eliminate  any  undesirable  effects  which  may  occur  because  of  this 
overheating.  In  some  cases  copper  or  graphite  shields  or  plugs  are 
installed  at  the  edges  or  holes(44). 

h.  After-Treatments  . . . Whenever  possible  or  economically  feasible, 
a stress-relief  treatment  at  a low  enough  temperature  to  prevent  loss 
of  hardness  should  be  applied  by  heating  in  a furnace  or  in  hot  oil  or 
by  passing  a flame  over  the  surface.  Such  a treatment  will  minimize 
the  danger  of  distortion  or  cracking  and  will  increase  the  toughness 
of  the  hardened  layer.  Temperatures  of  between  300  and  400°  F. 
(150  to  205°  C.)  are  usually  sufficient.  In  one  case,  a stress  relief  an- 
neal at  300°  F.  for  seven  hours  was  found  to  remove  twenty-five  to 
forty  per  cent  of  the  residual  stresses  in  a flame-hardened  casting, 
while  reducing  the  hardness  of  the  surface  by  only  two  to  five  points 
on  the  Rockwell-A  scale<39><48>(B9b  Although  this  after-treatment  is 
desirable,  it  should  be  stressed  that  in  contrast  to  other  ferrous  ma- 
terials, it  can  often  be  safely  omitted  in  the  case  of  gray  iron.  In  fact, 
depending  upon  the  geometry  of  the  part,  it  is  possible  to  end  up  with 
a tougher  overall  piece  rather  than  one  that  is  more  fragile.  For 
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example,  preheating  a cast  iron  gear  before  it  is  heated  on  the  periph- 
ery for  hardening  would  put  the  whole  exterior  surface  in  beneficial 
compressive  stress  whereas  heating  only  the  periphery  might  cause 
the  external  shell  to  be  in  tension(91>. 

5.  Final  Properties  of  Flame-Hardened  Gray  Iron. 

a.  Hardness  . . . Figure  69  shows  schematically  the  distribution  of 
Brinell  hardness  at  the  surface  of  a flame-hardened  gray  iron(ti3).  Al- 
though the  maximum  theoretical  hardness  is  seldom  attained,  it  will 
be  recalled  that  hardnesses  between  450  and  550  Brinell  may  be  con- 
sistently produced. 

In  addition  to  obtaining  the  proper  temperature,  the  depth  of  the 
hardened  layer  and  its  microstructure  is  dependent  on  two  other 
factors : first,  the  amount  of  carbon  and  alloys  in  solution  at  the  time 


Fig.  69.  Decrease  of 
hardness  with  increas- 
ing depth  for  a typical 
flame-hardened  gray 
iron. 
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when  the  flame-hardened  surface  is  quenched  and  second,  the  efficiency 
of  the  quenching  action  itself,  that  is,  the  efficiency  with  which  heat 
is  extracted  from  the  surface  that  had  been  heated  by  the  flame.  It  is, 
of  course,  assumed  that  in  the  absence  of  alloys,  a close-grained  iron 
not  too  high  in  carbon  or  silicon  has  been  selected.  A very  high  carbon, 
high  silicon  open-grained  iron,  will,  of  course,  not  respond  efficiently  to 
a hardening  operation^9'. 

An  interesting  comparison  of  the  ability  to  flame  harden  various 
plain  and  alloy  irons  has  already  been  shown  in  Figure  45  and  accom- 
panying tables.  A further  example  in  terms  of  Brinell  hardness  rather 
than  Rockwell-C  is  shown  in  Table  VIII(50>. 


TABLE  VIII 


BHN  Measured  at  Various  Depths 

below  Surface 

Analysis 

Surf. 

1/32" 

1/16" 

3/32" 

1/8" 

5/32" 

3.46%  T.  C.,  0.76%  C.  C.,* 

1.58%  Si,  0.14%  P 

535 

585 

590 

480 

230 

205 

3.44%  T.  C.,  0.77%  C.  C.,* 

1.70%  Si,  0.3%  P 

525 

605 

610 

525 

220 

220 

3.30%  T.  C„  0.73%  C.  C., 

1.44%  Si,  1.43%  Ni,  0.80%  Mo 

450 

560 

605 

585 

355 

255 

It  will  be  noted  in  this  latter  table  and  from  Fig.  70  that  the  surface 
tends  to  have  a somewhat  lower  hardness  than  a layer  immediately 
below  the  hardened  surface.  This  phenomenon  may  be  due  to  the  re- 
tention of  relatively  soft  austenite  at  the  immediate  surface.  However, 
it  does  not  adversely  affect  wear  resistance  and  it  has  been  reported 
that  the  hardness  of  the  surface  can  often  be  raised  by  heating  in  the 
range  of  380-480°  F.  (195-250°  C.)<91>. 

In  considering  the  actual  significance  of  the  Brinell  hardness  of 
450  to  550  as  exhibited  by  most  gray  irons,  it  should  again  be  recalled 
that  this  hardness  is  an  average  of  the  much  harder  groundmass  and 
the  relatively  soft  imbedded  graphite  flakes.  It  should  further  be  noted 
that  according  to  the  most  recent  work  on  the  relation  of  hardness  to 
wear  resistance  of  metals,  gray  iron  with  a hardness  of  450  Brinell 
will  exceed  in  weay  resistance  a high  carbon  or  tool  steel  exhibiting  a 


* Certain  authorities  recommend  that  phosphorus  be  held  to  the  lowest  practical 
level  in  order  to  avoid  brittleness  on  the  hardened  layer. 
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Fig.  70.  Hardness  at 
various  points  below 
the  surface  of  a 
flame-hardened  gray 

iron(-r>9). 


Brinell  hardness  of  600<7O>.  It  has  been  found  also  that  in  lubricated 
wear  tests,  the  groundmass  of  a flame-hardened  gray  iron,  interrupted 
as  it  is  with  graphite  flakes,  is  about  300%  as  efficient  in  retaining  an 
oil  film  as  similar  steel  surfaces.  This  might  be  expected  from  the  fact 
that  the  graphite  flakes  and  the  sites  of  these  graphite  flakes  furnish 
oil  pockets  which  maintain  the  oil  film<71>. 

b.  Fatigue  Properties  ...  As  previously  stated,  the  fatigue  strength 
is  usually  increased  by  surface  hardening.  This  is  due  to  the  fact  that 
the  hardened  layer  possesses  considerably  higher  tensile  strength 
than  unhardened  iron  with  a consequently  higher  fatigue  strength. 
There  is,  likewise,  some  evidence  available  that  the  compressive 
stresses  remain  in  the  flame-hardened  layer  with  a resultant  bene- 
ficial effect  on  fatigue  strength'93).  An  example  is  the  fillet  area  in 
crankshafts  in  which  high  compressive  stresses  (over  30,000  psi)  can 
be  induced  by  flame  or  induction  heating  followed  by  water  quenching. 
However,  in  these  same  cases  if  self  quenching  instead  of  water 
quenching  is  used,  undesirable  tensile  stresses  result  on  the  surface. 
It  has  been  reported  that  the  favorable  fatigue  strength  possible  with 
suilace  hardening  cannot  be  produced  by  conventional  through  hard- 
ening<91>t93><94>.  Any  possible  tensile  stresses  would  further  be  con- 
siderably offset  by  both  expansion  occurring  at  the  transformation 
point  and  the  fact  that  the  presence  of  graphite  flakes  and  the  lower 
modulus  of  elasticity  of  gray  iron  both  act  to  prevent  serious  build-up 
in  internal  stresses(72>. 
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6.  Applications  . . . The  applications  already  made  of  flame-hardened 
gray  iron  are  of  great  interest  and  commercial  value.  They  point  the 
way  toward  a considerable  increase  in  use  of  this  type  of  hardening 
treatment  for  gray  iron  castings.  Probably  the  largest  field  is  that  of 
hardening  the  ways  and  other  parts  of  machine  tools  exposed  to  ex- 
cessive wear.  The  hardening,  either  by  flame  hardening  or  the  induc- 
tion method  is  almost  always  done  by  the  progressive  method  which 
has  already  been  described  and  illustrated  in  Figures  67  and  68(G7). 

Another  large  field  for 
flame  hardening  is  its  appli- 
cation to  camshafts  where 
the  cam  surfaces  are  sub- 
mitted to  hardening  so  that 
they  may  resist  continued 
abrasion  in  normal  internal 
combustion  operations(73). 
One  hardening  operation  for 
camshafts  has  already  been 
shown  in  Fig.  56.  Another 
method,  in  which  only  the 
lobes  and  fuel-pump  eccen- 
tric of  this  shaft  are  hard- 
ened, requires  a special  set- 
up, illustrated  in  Figures  71 
and  72.  These  alloy  cast  iron 
camshafts  containing  appre- 
ciable amounts  of  chromium 
and  molybdenum  are  heated 
in  a vertical  position  to 
1800°  F.  (980°  C.)  in  40 
seconds  and  subjected  to  a 
forced  air  quench.  Resulting 
hardnesses  of  40  to  45  Rock- 
well-C  to  a depth  of  Vs"  are 
obtained.  Fig.  73  illustrates 
the  character  of  the  hardened  layer  obtained  on  such  camshafts. 

A third  comparatively  large  field  for  flame  hardening  is  the  hard- 
ening of  gray  iron  dies  used  in  forming  sheet-metal  parts  in  the  auto- 
motive industry^74).  The  leading  edges  and  parts  of  the  die  subjected 
to  severe  wear  are  locally  flame  hardened.  It  is  a general  practice  to 
use  a certain  amount  of  alloy  in  these  large  dies.  For  example,  one 
analysis  calls  for  0.5%  Cr  and  0.3%  Mo.  There  is  also  an  increasing 
tendency  to  flame  harden  cast  iron  rolls ; a gray  iron  roller  shell  in 
process  of  hardening  is  shown  in  Fig.  74.  Finally,  the  other  most  fre- 


Fig.  71.  General  view  of  gas  flame  heating 
machine  with  automatic  timing  arrange- 
ment, used  for  hardening  of  the  lobes  and 
fuel-pump  eccentric  of  6-cylinder  camshafts. 
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Fig.  73.  Cross-section  of  gray  iron 
camshaft  flame-hardened  by  the 
process  shown  in  Figs.  71  and  72. 


Fig.  72.  Close-up  view  of  flame- 
heating machine,  shown  in  Fig.  71, 
with  fixture  open  and  camshaft  in 
place,  showing  arrangement  of 
gas-burner  tips. 


Fig.  74.  Gray  iron  roller  shell  78 
inches  long  being  hardened  by  the 
rotary  progressive  method.  The 
shell  is  rotated  on  points  and  the 
flames,  followed  by  a water  quench, 
move  upward  from  one  end  of  the 
shell  to  the  other. 
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Fig.  75.  Hardening  the  teeth  of  a large  gear  by  hand. 


quent  use  of  flame-hardened  gray  iron  is  for  gears  such  as  those 
shown  in  Fig.  75.  Fig.  76  shows  a group  of  flame-hardened  parts. 

A survey  was  made  of  the  members  of  the  Gray  Iron  Founders’ 
Society  as  concerns  their  application  of  flame  hardening  to  gray  iron. 
It  was  found  that  flame  hardening  was  being  regularly  employed  on 
gray  iron  parts  for  many  other  uses: 

Automotive  machinery  • Bearing  housings  • Burners  for  hotwater  heaters  ® 
Compressors  • Consumer  gas  regulators  • Diesel  engines  • High  pressure  valves 
• Knitting  machinery  • Machine  tools  • Printing  presses  • Textile  machines. 


Fig.  76.  A variety  of 
gray  iron  parts  reg- 
ularly flame  hard- 
ened at  one  foundry. 
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c.  Induction  Hardening 

1.  General  Considerations  . . . Gray  iron  castings  can  be  surface  hard- 
ened by  the  induction  method  as  well  as  by  the  flame-hardening 
method  just  described  under  Section  b.  In  induction  hardening,  a coil, 
usually  of  copper  and  water  cooled,  is  brought  into  close  proximity 
to  the  gray  iron  casting  whose  surface  is  to  be  heated  above  the  trans- 
formation point.  If  a pulsating  or  high-frequency  electric  current  is 
sent  through  the  copper  coil  it  sets  up  eddy  currents  in  the  gray  iron 
casting  and  the  resistance  of  the  casting  to  the  eddy  currents  gener- 
ated in  it,  coupled  with  certain  magnetic  effects,  causes  the  casting 
surface  to  rapidly  heat  up  to  high  temperature.  The  induced  currents 
tend  to  be  concentrated  at  the  casting  surface,  and  consequently  the 
heated  area  is  localized  at  the  surface  as  in  the  case  of  flame  hardening. 

A number  of  factors  will  determine  whether  induction  hardening 
will  be  more  suitable  than  flame  hardening  for  heating  the  casting 
surface.  The  induction  method,  because  of  relatively  high  equipment 
cost  and  the  necessity  to  prepare  special  coils,  is  normally  used  when 
a large  number  of  castings  are  to  be  hardened.  Under  these  circum- 
stances the  induction-heating  process  is  more  rapid  than  the  usual 
flame-hardening  operation.  One  of  the  great  assets  of  this  process  is 
the  ready  control  of  the  variables  such  as  heating  time,  power  input 
and  frequency.  The  induction-hardening  process  does  involve  the  use 
of  uniform  base  iron  since  the  heating  times  are  normally  very  short 
and  consequently  the  response  of  the  iron  must  be  very  consistent  or 
variations  in  surface  hardness  will  occur.  It  should  be  stressed  that 
for  economic  and  operational  reasons  it  is  usually  considered  desirable 
to  hold  the  heating  time  to  a very  brief  period  in  induction  hardening, 
and  therefore,  full  consideration  must  be  given  to  such  factors  as  the 
quantity  of  alloy,  solubility  of  alloy  carbide,  and  amount  of  combined 
carbon  in  the  iron  when  this  process  is  adopted.  However,  one  case 
in  which  large  rolls  made  of  cast  iron  could  be  heated  slowly  with  60 
cycle  current  and  hardened  externally  has  been  brought  to  our  atten- 
tion(91).  This  process  was  used  in  the  case  of  engineering  rolls. 

2.  Gray  Iron  for  Induction  Hardening  ...  In  general  the  metallurgical 
requirements  for  gray  iron  which  is  to  be  induction  hardened  are  the 
same  as  those  for  gray  iron  which  is  to  be  flame  hardened,  and  may  be 
found  in  sub-section  (2)  of  the  flame-hardening  section  above.  In  the 
case  of  induction  hardening,  however,  it  is  particularly  important  that 
the  iron  have  a combined  carbon  content  of  over  0.5%,  because  it  is 
necessary  that  the  carbon  be  in  a form  which  is  rapidly  soluble  in 
austenite.  An  iron  containing  finely  divided  graphite  is  also  recom- 
mended(83).  The  surface  should  be  smooth  and  free  from  flaws(75). 
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Fig.  77.  Effect  of 
nickel  on  the  wear 
of  induction-hard- 
ened gray  iron  of 
different  microstruc- 
tures: (1)  martens- 
ite, (2)  tempered 
martensite,  (3) 

pearliteOe). 


Alloys  are  not  necessary,  but  may  be  helpful.  Figure  77  shows  the 
effect  of  varying  percentages  of  nickel  on  induction-hardened  gray 
iron.  It  can  be  seen  that  there  is  relatively  little  effect  on  the  wear 
resistance  of  martensite,  the  most  desirable  structure  to  be  obtained 
by  induction  hardening,  but  that  nickel  contents  of  over  5%  cause  a 
marked  improvement  in  the  wear  resistance  of  tempered  martensite, 
a structure  obtained  by  reheating  hardened  gray  iron  to  sub-critical 
temperatures(76). 

3.  Equipment  for  Induction  Hardening  . . . There  are  three  basic  types 
of  induction-hardening  equipment,  depending  on  the  method  used  to 
generate  the  high-frequency  current  necessary  for  the  process(77)(78). 

a.  Motor-Generator  Sets  . . . Motor  generators  are  the  least  expensive 
of  the  types  of  equipment  for  induction  hardening.  Frequencies  of  up 
to  10,000  cycles  per  second  can  be  produced.  Floor-space  requirements 
are  relatively  small,  and  the  generator  can  be  set  up  at  a relatively 
great  distance  from  the  induction  coil  and  connected  by  bus-bars  or 
coaxial  cables' The  main  disadvantage  of  the  motor  generators 
is  that  they  cannot  produce  the  very  high  frequencies  desirable  for 
the  hardening  of  extremely  thin  surface  layers  or  of  castings  with 
irregular  contours,  although  on  regular  cylindrical  surfaces  of  gray 
iron  it  has  been  possible  to  obtain  a hardened  layer  of  less  than  0.03" 
with  frequencies  of  9600  cycles.  It  has  been  reported  that  the  use  of 
special  fixtures,  such  as  iron  laminations,  has  lifted  some  of  the  limi- 
tations of  low  frequency  equipment.  It  should  be  noted,  however,  that 
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motor  generators  can  deliver  a power  input  of  up  to  1500  kilowatts 
for  use  in  treating  very  large  surface  areas,  whereas  the  two  types 
of  high-frequency  generating  equipment  described  below  can  normally 
only  deliver  a maximum  of  about  75  kilowatts(81)(82>. 


b.  Spark-Gap  Oscillators  . . . Spark-gap  oscillators  are  usually  em- 
ployed where  a frequency  range  of  from  100,000  to  500,000  cycles  per 
second  is  required.  The  principal  advantage  of  these  high  frequencies 
is  that  a hardened  layer  of  uniform  thickness  can  be  produced  on 
pieces  of  irregular  outline.  Furthermore,  a very  thin  layer  can  be  pro- 
duced where  it  is  desired  to  harden  a casting  of  very  thin  section  or 
small  diameter  without  impairing  its  shock-resistance.  Another  ad- 
vantage of  spark-gap  oscillators  is  their  flexibility,  permitting  con- 
siderable variation  in  frequency(77><79>. 


c.  Vacuum-Tube  Units  . . . Generating  equipment  depending  on  the  use 
of  a vacuum  tube,  similar  in  principle  to  the  common  radio  tube,  can 
produce  a range  of  frequencies  from  100,000  to  1,000,000  cycles.  Al- 
though above  a frequency  of  375,000  cycles  per  second,  there  is  proba- 
bly no  decrease  in  the  thickness  of  the  hardened  layer  with  increasing 
frequencies,  the  higher  frequencies  have  been  found  to  increase  the 
amount  of  energy  transferred  to  the  casting  and  to  make  possible  the 
use  of  greater  distances  between  the  induction  coil  and  the  work  piece 
(ts)(79)_  jt  should  be  noted,  that,  with  an  increase 


in  frequency  there  is  a greater  danger  of  flash- 
over  between  the  coil  and  the  work  piece  on  ac- 


Fig.  80.  Induction  harden- 
ing of  a cam  by  spinning 


Fig.  81.  Another 
method  for  in- 
duction harden- 
ing of  cylindri- 
cal pieces  by 
spinning(80). 

-> 


Fig.  78.  Induction 
hardening  of  cy- 
lindrical parts  by 
the  static  method 

(80). 


Fig.  79.  Induction  harden- 
ing of  flat  areas  by  the 
static  niethod<8°). 
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Fig.  82.  Gray  iron 
hay-baler  wire-knot- 
ting gear  set  up  for 
induction  hardening. 
Composition  of  the 
iron : Total  carbon 
3.41%,  silicon  2.26%, 
chromium  0.36%, 
molybdenum  0.20%. 


Fig.  83.  Hay-baler 
wire-knotting  gear 
in  the  process  of  be- 
ing induction  hard- 
ened. 


Fig.  84.  Hay-baler 
wire-knotting  gear, 
after  the  heating 
coil  has  been  turned 
olf , receiving  a water 
quench. 
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Fig.  85.  Rotary  pro- 
gressive induction 
hardening  of  cylindri- 
cal surfaces!80). 


Fig.  86.  Another  method  for 
rotary  progressive  induction 
hardening  of  cylindrical  sur- 
faces^0). 


Fig.  87.  An  inductor 
for  progressive  induc- 
tion hardening  of  spe- 
cial surfaces!80). 


count  of  the  generally  higher 
voltages  involved(81). 

4.  Procedure 

a.  Types  of  Induction  Hard- 
ening . . . There  are  three 
main  types  of  induction 
hardening: 

Static  Hardening:  In  this 
method  neither  the  inductor 
coil  nor  the  piece  moves,  so 
that  the  heat  is  applied  to 
the  entire  surface  at  the 
same  time.  Only  pieces  of 
relatively  small  surface  area  can  be  hardened  by  this  method  because 
large  surfaces  would  require  too  large  a power  input.  Figures  78,  79, 
82,  83,  and  84  show  typical  static  hardening  processes  for  gray  iron 
castings.  For  flat  surfaces  the  static  method  may  be  employed  by 
using  an  inductor  such  as  that  shown  in  Figure  79. 

Spinning:  In  the  case  of  round  castings,  a method  similar  to  the 
spinning  method  described  under  flame  hardening  can  be  employed, 
in  which  the  piece  is  rotated  inside  the  inductor  (see  Figures  80  and 
81)  ; this  process  insures  great  uniformity  of  the  hardened  layer<80>!83). 
Progressive  Hardening:  In  this  method  illustrated  in  Figures  85 
through  90,  the  work  moves  relative  to  the  inductor,  and  only  a rela- 
tively narrow  ribbon  on  the  surface  is  heated  at  one  time.  Heating  is 
immediately  followed  by  some  form  of  quench.  When  the  pieces  are 
particularly  bulky,  the  inductor  is  sometimes  moved  instead  of  the 
work  piece.  This  process  is  well  suited  for  the  induction  hardening  of 


Fig.  88.  Another  inductor  for  progressive 
induction  hardening  of  special  surfaces!80). 
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large  areas,  since 
lower  currents,  and 
therefore,  less  expen- 
sive electrical  equip- 
ment are  required 
for  the  heat  treating 
of  such  large  parts. 
Figure  89  shows  a 
machine  for  the  in- 
duction hardening  of 
large  internal  rounds, 
in  this  case  cylinder 
liners<80)(83>. 

b.  Temperature  . . . 
Since  the  induction 
hardening  process 
and  the  flame  hard- 
ening process  both 
depend  on  the  same 
transformations  in 
the  structure  of  gray 
iron,  that  is,  heating 
the  surface  of  the 
casting  to  tempera- 
tures above  the  transformation  point  and  then  cooling  at  rates  suf- 
ficiently rapid  to  promote  the  formation  of  martensite,  the  requisite 
heat-treating  temperatures  for  the  two  processes  are  the  same.  The 
reader  is  referred  to  the  section  on  temperature  in  the  above  discus- 
sion of  flame  hardening  for  exact  information  on  temperature. 

Overheating  at  holes  is  usually  avoided  by  plugging  the  holes  with 
tightly-fitting  copper,  low  carbon  steel,  fibre,  wooden,  or  cast  iron  in- 
serts(91)(96).  If  overheating  of  the  entire  surface  should  occur,  it  is 
usually  advisable  to  lower  the  power  input,  compensating  by  increas- 
ing the  time  of  the  treatment 83).  As  a matter  of  fact,  it  is  usually 
advisable  to  employ  somewhat  lower  power  inputs  for  gray  iron  than 
for  steel  to  avoid  overheating  and  reduce  the  danger  of  failure. 

c.  Time  . . . The  time  necessary  for  induction  hardening  is  influenced 
by  the  frequency,  power  input,  and  depth  of  hardened  layer  desired. 
No  exact  method  of  determining  the  time  of  treatment  covering  all 
these  factors  has.  apparently  been  formulated,  and  it  is  wise  to  consult 
the  manufacturers  of  induction-hardening  equipment  for  specific 
recommendations  as  to  the  times  of  treatment  to  be  used  for  their 
machines.  The  following  formula  has  been  developed  for  the  deter- 


Fig.  89.  High-production  hardening  of  gray  iron 
cylinder  liners  by  the  progressive  method. 
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mination  of  the  time  of  induc- 
tion hardening. 

D=V~|  + V0015  L 

Here  “D”  is  the  depth  of  the 
hardened  layer  in  inches,  “F”  is 
the  frequency  in  cycles  per 
second,  and  “t”  is  the  length  of 
the  heating  cycle  in  seconds.  It 
assumes  a power  input  of  from 
five  to  ten  kilowatts  per  square 
inch  of  surface  area ; this  spread 
is  an  inverse  function  of  the 
diameter  of  the  hardened  piece. 

A somewhat  lower  power  density 
is  often  used  for  gray  iron.  Thus, 
for  example,  if  a hardened  layer 
.088  inches  in  depth  is  desired, 
and  if  the  equipment  used  sup- 
plied current  at  9,600  cycles  per 
second,  the  heating  time  as  cal- 
culated by  the  above  formula 
would  be  about  three  seconds'85). 

In  general  it  may  be  said  that, 
other  factors  being  equal,  the 
length  of  time  required  for  heating  should  be  adjusted  to  be  as  short 
as  possible,  so  that  local  overheating,  especially  at  the  surface,  may 
be  avoided. 

d.  Quenching  . . . The  most  usual  method  of  quenching  applied  after 
induction  heating  is  a water  quench  sprayed  on  the  surface  of  the 
casting  immediately  after  the  induction  current  is  shut  off.  No  crack- 
ing or  appreciable  distortion  was  found  to  occur  in  the  case  either  of 
alloyed  or  of  unalloyed  gray  iron  after  water  quenching.  When  the 
Progressive  method  of  induction  hardening  is  employed  the  quenching 
device  is  usually  installed  a short  distance  behind  the  induction  coil 
head<75>'83>.  In  some  cases  when  water  quenching  might  be  too  drastic, 
oil  quenching,  either  by  spraying  or  immersion,  is  employed'86). 

5.  Properties  of  Induction-Hardened  Gray  Iron 

a.  Wear  Resistance  . . . Wear  resistance  of  gray  iron  is  to  a large  ex- 
tent dependent  on  the  hardness  at  the  surface.  Groundmasses  of  up  to 
59  to  60  Rockwell-C  (around  600  Brinell)  can  be  obtained  for  gray 
iron  by  induction  hardening'75)'76). 


1 

Fig.  90.  Transverse  (left)  and  longi- 
tudinal sections  of  cylinder  liners  in- 
duction hardened  by  the  process  shown 
in  Figure  89. 
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Fig.  91.  Effect  of 
length  of  induction 
heating  cycle  on  sur- 
face hardness  and 
depth  of  hardened 
layer  in  unalloyed 
gray  ironOfl). 


Hardness  has  also  been  found  to  increase  as  the  time  of  treatment 
increases.  Figure  91  shows  that  this  increase  in  hardness  is  paralleled 
by  an  increase  in  the  depth  of  the  hardened  layer.  Furthermore,  as 
shown  in  Figure  92  the  decrease  in  hardness  with  increasing  depth 
is  less  sharp  when  longer  heating  times  are  employed. 

Table  IX  shows  the  structural  changes  which  took  place  in  the  gray 
iron  which  was  used  in  the  experiments  from  which  these  two  figures 
were  taken.  The  presence  of  iron  carbide  in  eutectic  or  massive  form 
after  the  3.5  second  treatment  was  probably  due  to  some  melting  of 
the  gray  iron  at  the  surface.  Any  longer  heating  time  for  this  par- 
ticular treatment  would  be  impractical*76). 

h.  Strength  . . . Induction  hardening  to  a reasonable  depth,  for  example, 
0.100  inches  for  a cylindrical  bar  0.800  inches  in  diameter,  or  0.200 
inches  for  a similar  bar  1.2  inches  in  diameter,  has  no  adverse  effect 
on  the  strength  of  the  bars.  If,  however,  the  depth  of  the  hardened 
zone  exceeds  these  limits,  there  may  be  some  reduction  in  strength. 
One  of  the  advantages  of  the  induction-hardening  process  is  that  by 
this  method  the  hardened  depth  may  be  controlled  to  a very  narrow 
layer  so  that  even  very  thin  sections  may  be  hardened  without  dele- 
terious effect  on  physical  properties*75). 
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Microstructure 
Before  Heat  Treatment 

Lamellar  pearlite  and 
coarse  graphite 
Same 

Same 


TABLE  IX 

Heating  Time 

2.5  seconds 
3.0  seconds 

3.5  seconds 


Microstructure 
After  Heat  Treatment 

Fine,  acicular  martensite 
and  graphite  flakes 

Martensite  and  graphite 
flakes 

Coarse  martensite,  iron 
carbide,  and  fine  graph- 
ite. 


c Distortion  and  Growth  . . . Distortion  caused  by  induction  hardening 
is  less  than  that  which  would  be  caused  by  a similar  quench-hardening 
treatment.  The  maximum  warpage  in  a 22  inch  bar  was  in  one  case 
found  to  be  0.0015  inches  after  induction  hardening,  while  salt  bath 
treatment  caused  a distortion  between  0.007  and  0.01  inches.  Similar 
results  were  obtained  in  comparison  with  furnace  hardening^75). 

In  the  case  of  thin-walled  cylinders,  it  has  been  found  that  distortion 
is  not  a problem  unless  the  thickness  of  the  induction-hardened  layer 
exceeds  20%  of  the  wall  thickness  of  the  part.  Even  the  small  amount 
of  distortion  obtained  could  be  reduced  by  increasing  the  frequency 
of  the  induced  current(87). 


Fig.  92.  Effect  of 
length  of  heating 
cycle  on  hardness  at 
various  depths  in  in- 
duction-hardened 
unalloyed  gray  iron: 
1 = 2.5  secs.;  2 = 
3 secs.;  3 = 3.5  secs. 


Case  Depth — Inch 
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Fig.  93.  Induction 
hardening  of  auto- 
motive camshafts 
(see  text). 


A very  slight  amount  of  growth  was  found  to  occur  during  induction 
hardening  of  cylindrical  castings.  The  growth  was  found  to  be  approxi- 
mately 0.5  to  0.7%  of  the  depth  of  the  hardened  layer  up  to  a total 
growth  of  0.003  inches(75). 

6.  Applications  ...  As  noted  above,  induction  hardening  of  gray  iron 
has  largely  been  limited  to  parts  produced  in  rather  great  quantity. 
However,  within  this  limitation,  quite  a number  of  different  applica- 
tions have  been  found  for  the  process.  A few  typical  examples  of  in- 
duction hardening  as  applied  to  gray  iron  are  given  below. 

Automotive  parts  comprise  one  of  the  largest  fields  for  induction 
hardening.  The  alloy  gray  iron  camshafts  shown  in  Figure  93  are 
being  hardened  in  a 50  kilowatt  unit  with  a frequency  of  9,600  cycles 
per  second.  A heating  cycle  of  11  i/2  seconds  is  followed  by  a water 
quench(73). 

The  induction  method  is  also  used  to  harden  cylinder  liners.  The 
machine  in  Figure  89  is  used  by  a large  manufacturer  of  earth-moving 
equipment  to  harden  alloy  cast  iron  cylinder  liners  ten  to  fifteen  inches 
long  with  an  inside  diameter  of  3%  to  5%  inches.  The  approximate 
composition  of  the  iron  is  2.95-3.25%  total  carbon,  0.60-0.85%  com- 
bined carbon,  0.60-0.90%  manganese,  0.40-0.60%  nickel,  0.15-0.25% 
chromium,  0.08-0.25%  molybdenum,  and  0.07-0.11%  phosphorus.  The 
progressive  method  of  hardening  is  employed,  with  the  liner  rotating 
around  a stationary  induction  head,  and  at  the  same  time  lowered  so 
that  the  entire  inside  surface  is  heated  from  bottom  to  top.  A quench 
head  is  located  directly  below  the  induction  head.  A 3000  or  9600  cycle 
current  is  used  and  the  complete  hardening  cycle  takes  about  48 
seconds.  The  hardened  zone,  shown  in  Figure  90,  is  0.070  inches  in 
thickness  and  reaches  a hardness  of  50-57  Rockwell-C  as  quenched. 
After  hardening  the  liners  are  usually  tempered  at  a low  tempera- 
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Fig.  94.  Unit  for  simultaneous  induction  hardening  cam  areas  and  eccentrics  of 
gray  iron  camshafts.  Heating  time:  six  seconds. 


ture,  such  as  360°  F.  (185°  C.)(83><88)(89X90>. 

Another  large  field  for  induction  hardening  of  gray  iron  is  textile 
machinery.  One  large  textile-machinery  manufacturer  is  successfully 
induction  hardening  700  different  unalloyed  gray  iron  parts,  such  as 
feed  pawls,  thread  cutters,  cams  and  clutch  fingers,  at  certain  critical' 
areas  where  high  wear  resistance  is 
required.  Another  company  cut  the 
cost  of  a cam,  used  for  fuel  injection 
in  an  oil  engine  for  a knitting  machine, 
by  replacing  tool  steel  with  induction- 
hardened  gray  iron.  Hardnesses  of  48- 
52  Rockwell-C  (about  450-500  Brinell) 
are  reported(86). 

Other  uses  for  induction-hardened 
gray  iron  were  revealed  in  a survey 
conducted  by  the  Gray  Iron  Founders’ 

Society.  It  was  found  that  member 
foundries  were  regularly  induction 
hardening  such  varied  gray  iron  parts 
as: 

Bushings  • Cam  followers  • Clutches 

• Conveyor  wheels  • Crankshafts  • Cylinder  bores  in  motor  blocks  • 
Engine  and  compressor  castings  • Gears  • Grinder  rings  and  cutters 

• Hay-baler  wire-knotting  gear  (see  Figs.  82,  83,  84)  • Machine  tool 
parts  • Pump  bodies. 


Fig.  95.  A gray  iron  cam  which 
has  been  induction  hardened. 
Minimum  Brinell  hardness,  500. 
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d.  Quench  Hardening 

1.  General  Considerations  . . . Quench  hardening  of  gray  iron  as  used 
in  the  present  text  refers  to  heating  castings  throughout  to  the  re- 
quired hardening  temperature  either  by  immersion  in  a salt  bath  or 
by  placing  the  casting  in  a standard  heat-treating  furnace.  To  this 
degree  quench-hardened  castings  vary  from  the  flame-hardened  or 
induction-hardened  castings  described  in  the  preceding  two  sections, 
where  only  surface  layers  of  the  castings  were  brought  to  the  required 
hardening  temperature.  In  many  cases  quench  hardening  may  be  a 
simpler  procedure  than  surface  hardening  for  economical  or  technical 
reasons. 

A different  set  of  conditions  arises  in  quench  hardening  than  in  the 
two  previously  described  surface  hardening  treatments,  in  that  the 
rate  of  cooling  rather  than  the  temperature  becomes  a controlling 
factor  as  to  whether  the  desired  final  martensitic  structure  is  obtained. 
Clearly,  in  the  case  of  quench-hardened  samples,  the  entire  casting 
from  the  outside  to  the  center  is  at  a sufficiently  high  temperature  to 
be  hardened,  the  main  difficulty  being  whether  it  can  be  cooled  at  a 
critical  rate,  i.e.,  a rate  fast  enough  to  depress  the  transformation 
point  to  the  required  200-400°  F.  (100-200°  C.)  where  martensite 
forms.  In  some  cases  it  is  possible  to  harden  the  casting  throughout, 
particularly  if  it  is  not  of  too  great  a section,  by  oil  or  water  quenching. 
However,  sometimes,  particularly  in  the  case  of  heavy-sectional  cast- 
ings, only  the  outer  layer  can  be  cooled  fast  enough  to  produce  a mar- 
tensitic structure,  and  the  core,  which  is  comparatively  insulated  from 
the  effect  of  the  quenching,  is  cooled  so  slowly  that  it  will  consist  of 
pearlite  or  a similar  structure  and  not  of  martensite. 

Quench  hardening  is  by  far  the  most  common  type  of  heat  treat- 
ment used  for  steel.  It  is,  however,  less  commonly  used  in  the  case 
of  gray  iron  than  in  the  case  of  steel.  This  is  due  to  a number  of  fac- 
tors. One  of  these  is  that  other  ferrous  cast  materials  must  usually 
be  heated  throughout  and  cooled  at  various  rates  in  order  to  develop 
useful  physical  properties.  This  is  seldom  necessary  in  the  case  of  gray 
iron  with  the  result  that  the  majority  of  gray  iron  castings  are  used 
directly  without  any  heat  treatment  whatsoever. 

Another  factor  is  that  to  date,  the  only  alteration  believed  necessary 
in  properties  of  gray  iron  castings  was  often  an  improvement  in  wear 
resistance  that  can  most  easily  be  produced  by  surface  hardening 
without  the  necessity  of  heating  throughout  often  heavy  and  bulky 
castings  or  castings  that  because  of  their  intricate  shape  might  crack 
if  submitted  to  an  overall  drastic  quench.  However,  with  an  under- 
standing of  modern  design,  gray  iron  castings  can  be  safely  quenched 
either  in  oil  or  in  similar  quenching  media  and  the  properties  that  are 
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developed  have  been  found  as  useful  as  those  produced  by  heat-treat- 
ing steel  and  other  metallic  materials.  It  should  be  realized,  however, 
that  we  are  here  dealing  with  a material  similar  to  high-carbon  steel 
with  some  of  the  sensitiveness  that  is  connected  with  this  latter  ma- 
terial. One  helpful  factor  is  that  gray  iron  has  been  found  to  possess 
a high  hardenability,  which  generally  permits  the  use  of  mild  quench- 
ing media. 

There  is  a growing  realization  that  the  quench  hardening  of  gray 
ii  on  is  at  the  same  time  one  of  the  most  neglected  and  one  of  the  most 
fruitful  fields  for  future  development  and,  as  will  be  noted  under 
Applications,  there  are  a number  of  industrial  products  that  will 
benefit  from  the  use  of  such  quench-hardened  gray  iron. 


2.  Gray  Iron  for  Quench  Hardening  . . . Quench  hardening  can  be 
applied  to  a wider  variety  of  gray  irons  than  either  flame  or  induction 
hardening.  It  will  be  recalled  that,  in  the  ease  of  flame  and  induction 
haidening,  a relatively  large  combined  carbon  content  was  required 
because  of  the  extremely  short  period  available  for  carbon  solution  in 
austenite.  In  the  case  of  quench  hardening,  on  the  other  hand,  it  is 
possible  to  hold  the  casting  at  a temperature  above  the  transformation 
point  for  as  long  as  is  necessary,  and  even  an  iron  containing  no  com- 
bined carbon  (a  carbide-free  gray  iron  consisting  only  of  iron  and 
giaphite  flakes)  may  be  hardened.  In  fact,  gray  iron  castings  may  be 
tendered  carbide-free  or  ferritic  by  annealing  for  maximum  machin- 
ability  (see  Section  III  above)  and  may  then  be  quench  hardened  to  a 
maitensitic  structure*  to  promote  maximum  wear  resistance. 

Although  gray  iron  of  almost  any  composition  can  be  quench  hard- 
ened, its  base  composition  and  the  nature  and  amount  of  alloying 
elements  does  affect  the  temperature  and  duration  of  heating,  rate,  and 
type  of  quenching,  depth  of  penetration  of  the  hardened  shell  (hard- 
enability ) ■ ■ and  final  hardness.  Unalloyed  gray  irons  of  low  combined- 
carbon  content  must  be  held  at  the  heating  temperature  for  a rela- 
tively long  time.  Figure  96  shows  the  relation  of  hardness  to  heating 
time  for  a gray  iron  casting  consisting  entirely  of  ferrite  and  graphite, 
1 '-'  k diameter  and  'f^,"  thick.  It  will  be  seen  that,  with  increased 
heating  times,  a larger  amount  of  carbon  is  dissolved  in  the  austenite 
and  the  hardness  after  quenching  is  increased. 


Silicon,  an  element  always  present  in  gray  iron,  has  little  influence 

on  hardness  in  amounts  between  1.0%  and  2.0%.  Above  this  range, 

however,  the  effect  of  silicon  in  reducing  the  solubility  of  carbon  in 

austenite  becomes  a factor  and  will  lower  the  final  hardness  of  the 

heat-treated  casting.  Since  silicon  is  also  a strong  graphitizing  ele- 

ment,  the  amount  of  graphite  present  in  the  final  structure  will  be 

**ILAAP^end^  It^°I  a de,tail<rd  description  of  the  hardening  reaction. 

See  Appendix  II  for  a detailed  description  of  hardenability. 
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Fig.  96.  Effect 
of  heating 
time  on  the 
hardness  of 
quenched  gray 
iron. 


increased  and  the  hardness  somewhat  lowered  and  the  effectiveness 
of  the  whole  heat  treatment  diminished.  It  is,  therefore,  recommended 
that  low-silicon  gray  iron,  that  is,  under  a maximum  of  2%,  be  used 
for  quench  hardening  whenever  possible(99)<100h 

Manganese,  which  is  also  invariably  present  in  gray  iron,  increases 
hardenability  (see  Fig.  97).  Approximately  1.50%  of  manganese  was 
found  to  be  sufficient  for  through-hardening  of  a casting  with  a li/2" 
section  using  oil  quenching  or  for  through  hardening  a 2i/2"  section 
using  a more  drastic  water  quench<99>.  In  general,  as  described  under 
surface  hardening,  the  use  of  a manganese  content  0.80%  to  1.00% 
in  the  usual  irons  will  improve  the  response  to  the  hardening  reaction 
as  compared  to  lower  manganese  irons. 

Special  alloying  elements  such  as  those  used  for  increasing  the 
hardenability  of  steel  may  be  used  with  equal  success  for  gray  iron. 
Figure  98  demonstrates  the  effect  of  nickel  and  chromium,  and  a simi- 


Fig.  97.  End- 
quench  test 
showing  the 
effect  of  man- 
ganese content 
on  the  harden- 
ability of  gray 
iron("). 
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lar  effect  can  be  anticipated  from  additions  of  molybdenum  and  vana- 
dium K The  effect  of  alloying  elements  on  the  procedure  necessary 
for  quench  hardening  and  on  the  properties  of  quench-hardened  gray 
iron  will  be  discussed  in  a later  section. 


3.  Procedure 

a.  Heating  for  Austenitizing  . . . The  first  step  in  quench  hardening 
gray  iron  is  to  heat  the  casting  to  a temperature  sufficient  to  promote 
the  formation  of  austenite,  and  to  hold  it  at  that  temperature  until 
the  maximum  amount  of  carbon  has  been  dissolved.  This  heating  may 
be  accomplished  either  in  a salt  bath  or  in  an  electric,  gas  or  oil-fired 
furnace. 

The  temperature  to  which  the  casting  must  be  heated  is  determined 
by  the  transformation  point  of  the  particular  gray  iron  used.  The 
formula  for  the  determination  of  the  transformation  point  in  un- 
alloyed gray  iron  was  given  in  the  section  on  flame  hardening  and  is 
repeated  here: 

Transformation  temperature  in  °F.  = 

1346  + 50.4  ( % Si)  -45.0  (%Mn) 
or 

Transformation  temperature  in  °C.  = 

730  + 28  ( % Si)  -25  (%Mn) 

It  will  be  noted  from  this  formula  that  silicon  raises  the  transforma- 
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Fig.  99.  The  effect 
of  quenching  tem- 
perature on  the 
hardness  of  an  alloy 
gray  iron  (Analysis: 
Total  Carbon  3.28- 
3.39%;  Silicon  2.16- 
2.23%;  Manganese 
0.71-0.84%;  Chro- 
mium 0.16-0.22%; 
Molybdenum  0.68- 
0.78%)O02>. 


tion  point  of  gray  iron,  and  manganese  depresses  it.  The  carbon  con- 
tent has  no  direct  effect  on  the  transformation  point  of  gray  iron.  If 
alloying  elements  are  added  to  the  gray  iron,  further  adjustments 
in  the  heat-treating  temperatures  must  be  made.  The  presence  of 
chromium  raises  the  transformation  point  of  gray  iron.  In  high  nickel- 
silicon  irons,  for  example,  each  per  cent  of  chromium  raises  the  trans- 
formation range  by  about  72°  F.  (40°  C.).  Nickel,  on  the  other  hand, 
lowers  the  critical  range.  In  a gray  iron  containing  from  4 to  5% 
nickel,  the  upper  limit  of  the  transformation  range  is  about  1310°  F 
(710°  C.)<101>. 

The  higher  the  casting  is  heated  above  the  transformation  range, 
the  greater  will  be  the  amount  of  carbon  absorbed  in  the  austenite 
and  the  higher  will  be  the  hardness  of  the  casting  after  quenching 
(see  Fig.  99)(102)<i03).  In  actual  practice,  temperatures  from  50  to  100° 
F.  (30  to  60°  C.)  higher  than  the  calculated  transformation  point  are 
used  to  assure  full  austenization.  However,  excessively  high  tempera- 
tures should  be  avoided,  because  quenching  from  such  high  tempera- 
tures increases  the  danger  of  distortion  and  cracking^). 

Heating  should  be  conducted  slowly  through  the  lower  temperature 
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ranges  in  order  that  cracking  may  be  avoided.  Above  a range  of  1100 
to  1200’  F.  (600  to  650°  C.),  that  is,  above  the  stress-relieving  range, 
heating  may  be  conducted  as  rapidly  as  desired.  In  fact,  time  may  be 
saved  by  slowly  heating  the  casting  to  about  1200°  F.  (650°  C.)  in 
one  furnace  and  then  transferring  it  to  a second  heat-treating  furnace 
and  bringing  it  rapidly  up  to  the  heat-treating  temperature*1)*2)*®) 
(see  Fig.  100).  The  casting  should  be  held  at  the  heat-treating  tem- 
perature long  enough  for  it  to  be  heated  uniformly  throughout.  As 
little  as  twenty  minutes  per  inch  of  section  may  prove  sufficient*104). 

b.  Quenching*  . . . The  purpose  of  quenching  is  to  cool  the  iron  at  the 
critical  cooling  rate,  that  is,  at  a rate  sufficiently  rapid  to  promote  the 
formation  of  hard  martensite,  as  opposed  to  the  relatively  soft  pearlite 
which  is  formed  on  normal  slow  cooling  from  above  the  transformation 
point.  Only  those  portions  of  the  casting  which  have  been  cooled  at 
the  critical  cooling  rate  or  faster  will  assume  a martensitic  structure. 

*This  description  deals  with  standard  heat-treatment  practices  and  does  not  deal 
with  the  use  of  interrupted  quenching  or  isothermal  transformations  which  will 
be  described  in  an  ensuing  section. 


Fig.  100.  Gray  iron 
gears  to  be  heat 
treated  are  charged 
into  a pit  furnace. 
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It  is  also  important  to  avoid  cooling  the  casting  more  rapidly  than 
necessary  to  obtain  the  desired  structure  since  excessively  high  cool- 
ing rates  increase  the  danger  of  cracking  or  distortion.  Cracking  or 
distortion  may  also  be  caused  by  cooling  of  one  section  of  a casting 
at  a rate  considerably  higher  than  that  at  which  another  section 
is  cooled. 

For  these  reasons  it  is  advisable  to  choose  a quenching  medium 
which,  while  providing  the  critical  cooling  rate  to  the  desired  depth, 
does  not  extract  heat  too  rapidly  from  the  casting.  Water,  for  example, 
is  generally  not  a satisfactory  quenching  medium  for  gray  iron  when 
heated  throughout ; it  normally  extracts  heat  with  such  rapidity  that 
the  surface  of  the  casting  is  cooled  in  a short  time  to  a temperature 
considerably  below  that  of  the  interior,  and  stresses  sufficient  to  cause 
distortion  and  in  some  cases  cracking  may  be  set  up.  Only  small  parts 
of  simple  design  are  regularly  water  quenched(1>(fi>.  If  a quench  as 
drastic  as  water  must  be  employed,  a layer  of  oil  is  sometimes  placed 
on  top  of  the  quenching  bath  so  that  the  thermal  shock  is  minimized. 
The  most  usual  quenching  medium  for  gray  iron  is  oil(1>.  Care  should 
be  taken  to  use  an  oil  of  high  flame  point.  The  least  drastic  of  quench- 
ing media  is  air.  Unalloyed  or  low-alloy  castings  cannot  usually  be  air- 
quenched,  because  the  cooling  rate  is  not  sufficiently  high  to  promote 
the  formation  of  martensite.  However,  in  the  case  of  irons  of  high 
alloy  content,  air-quenching  is  frequently  the  most  desirable  cooling 
method.  Some  high-alloy  irons,  in  fact,  would  be  so  rapidly  cooled  by  a 
conventional  oil  quench,  that  the  gamma-to-alpha  transformation 
would  not  be  allowed  sufficient  time  to  go  to  completion,  and  some  rela- 
tively soft  austenite  will  remain  on  the  surface  of  the  casting.  Air 
quenching,  especially  in  the  case  of  castings  of  intricate  design, 
minimizes  the  danger  of  distortion  and  cracking  and  should  be  used 
wherever  practical 74> < 10°) ( 102> . 

Castings  of  non-uniform  section  size  should  be  quenched  in  such  a 
way  that  the  heavier  section  enters  the  quenching  bath  first(I05>.  It  is 
desirable  to  have  either  the  quench  bath  stirred  or  the  casting  moved 
during  quenching.  Such  a procedure  insures  an  even  temperature  dis- 
tribution in  the  bath  and  improves  quenching  efficiency.  If  possible, 
the  casting  should  not  be  allowed  to  reach  room  temperature  but  be 
removed  from  the  quenching  bath  as  soon  as  it  reaches  temperatures 
between  300  and  500°  F.  (150  and  260°  C.),  and  immediately  tempered 
(see  the  following  section) (105>. 

c.  Tempering  . . . After  quenching,  castings  are  usually  tempered, 
that  is,  heated  again,  this  time  to  temperatures  well  below  the  trans- 
formation point.  Tempering  reduces  the  brittleness  of  the  hardened 
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area,  relieves  stresses  induced  by  the  quenching,  and  improves  many 
of  the  mechanical  and  physical  properties  of  quench-hardened  gray 
iron.  As  noted  above,  it  is  generally  advisable  to  temper  a casting  im- 
mediately after  it  has  been  taken  from  the  quenching  bath,  preferably 
before  it  cools  to  room  temperature^^104).  The  casting  should  be  held 
at  the  tempering  temperature  for  about  one  hour  per  inch  of  thickest 
section<6). 

Since  tempering  temperatures  vary  from  300  to  1020°  F.  (150  to 
550°  C.)  depending  on  the  composition  of  the  gray  iron  and  upon  the 
final  properties  desired,  specific  information  as  to  tempering  tempera- 
tures will  be  given  in  the  section  on  properties  immediately  following. 
In  any  case,  in  order  to  assure  stability  of  properties,  a tempering 
temperature  higher  than  the  actual  service  temperature  should  be 

chosen(1°6). 


4.  Final  Properties  of  Queneh-Hardened  Gray  Iron 

a.  Properties  as  Affected  by  Tempering  ...  As  the  as-quenched  gray 
iron  is  tempered,  it  loses  some  of  its  hardness,  while  it  usually  gains 
in  strength  and  toughness.  Figure  101  shows  the  influence  of  temper- 


Fig.  101.  The  effect 
of  heat  treatment  on 
the  hardness,  tensile 
strength,  and  impact 
resistance  of  a qual- 
ity-controlled low 
silicon  gray  iron<14). 
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T.C.  Si  Mn  Ni  Cr  Mo  Quenching  Temp. 

1 3.37  1.43  0.58  1550°F(847  °C) 

2 3.13  1.02  0.79  3.89  1450°F(788  °C) 

3 3.37  1.47  0.52  3.46  1.56  1500°F(815  °C) 

4 3.22  1.73  0.75  0.03  0.47 
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Fig.  102.  Influence  of 
composition  on  the 
hardness  of  quench- 
ed and  tempered 
gray  irond). 


ing  temperature  on  some  of  the  mechanical  properties  of  a quality- 
controlled  gray  iron  comparatively  low  in  silicon'14). 

Hardness:  From  Figure  101  it  can  be  seen  that  maximum  hardness 
is  obtained  by  tempering  between  300  and  400°  F.  (150  and  200°  C.) 
for  an  unalloyed,  low-silicon  gray  iron'14>.  The  influence  of  composition 
on  the  hardness  of  quenched  and  tempered  gray  iron  is  shown  in 
Figure  102,  which  may  serve  as  a general  guide  for  the  selection  of 
proper  tempering  temperatures'1).  Figure  103  shows  the  effect  on 
hardness  of  different  tempering  temperatures  for  a low-alloy  gray 
iron  (1.32  Ni,  0.44  Cr)  oil-quenched  from  1560°  F.  (850°  C.)  and 
tempered  in  a salt  bath'107>.  Gray  iron  that  has  been  water  quenched 
will  suffer  a greater  decrease  in  hardness  with  increasing  tempering 
temperatures  as  it  develops  a higher  as-quenched  hardness,  than  will 
gray  iron  that  has  been  oil  quenched'2*  <108>. 

Wear  Resistance:  Gray  irons  that  have  been  quenched  and  tempered 
usually  show  a wear  resistance  approximately  five  times  as  great  as 
that  of  pearlitic  gray  irons.  In  general,  wear  resistance  as  related  to 
tempering  temperature  follows  the  same  pattern  as  hardness.  Alloy 
gray  irons  show  no  appreciable  difference  from  unalloyed  irons  using 
low  tempering  temperatures,  but  with  temperatures  of  over  700°  F. 
(390°  C.)  the  wear  resistance  of  unalloyed  irons  decreases  more  sharp- 
ly than  that  of  alloyed  irons.  Gray  irons  with  low  carbon  equivalent, 
that  is,  low  carbon  and  low  silicon  contents,  after  quenching  and  tern- 


380 


HEAT  TREATMENT  OF  GRAY  IRON 


pering,  show  more  wear  resistance  than  irons  containing  higher  per- 
centages of  carbon  and  silicon(109>. 

Strength : Tempering  improves  the  tensile  strength  of  quench-hard- 
ened  gray  iron.  For  unalloyed  gray  iron,  maximum  strength  is  obtained 
by  tempering  in  the  range  of  570  to  700°  F.  (300  to  370°  C.)  ; for 
alloyed  irons  temperatures  of  750  to  930°  F.  (400  to  500°  C.)  are 
necessary  if  maximum  strength  is  to  be  realized.  Accompanying 
figures  show  the  influence  of  tempering  temperature  on  strength  for 
quality-controlled  low-silicon  gray  iron  (Figure  101)  and  for  a low- 
alloy  gray  iron  containing  1.32%  nickel  and  0.44%  chromium  (Figure 
103).  A quench-hardened  and  tempered  gray  iron,  because  it  exhibits 
a more  truly  elastic  behavior  nearly  up  to  the  breaking  point  than 
does  gray  iron  in  the  as-cast  condition,  tends  also  to  have  improved 
usable  strength  and  dimensional  stability(14)(107)(ioo)_ 

Impact  Resistance : The  effect  of  quench  hardening  and  tempering 
on  impact  resistance  is  shown  in  Figures  101  and  104.  Because  of  the 
differences  in  the  types  of  impact  tests  and  the  characteristics  of  the 
martensitic  structure  of  quench-hardened  gray  iron,  there  is  some 
variation  in  the  reported  data.  The  curves  in  Fig.  104  are  for  torsion 
impact.  More  typically  as  in  Fig.  101,  tempering  temperatures  in  the 
neighborhood  of  700°  F.  (370°  C.)  have  been  found  to  increase  the  im- 
pact resistance  of  hardened  low-silicon  unalloyed  gray  iron.  If  alloying 


Fig.  103.  Hardness 
and  tensile  strength 
of  a quenched  and 
tempered  low  alloy 
gray  ironGOT). 
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Fig.  104.  Effects  of 
tempering  on  tor- 
sion impact  resist- 
ance and  hardness 
of  a low  silicon  qual- 
ity-controlled gray 

ironOio), 


elements  are  present  in  any  quantity,  higher  tempering  temperatures 
may  be  necessary  <14>  <n°). 

Fatigue  Properties:  Although  considerable  improvement  in  tensile 
strength  may  be  brought  about  by  quench-hardening  and  tempering, 
proportional  improvements  in  fatigue  properties  are  rarely  obtained 
since  the  endurance  limit  of  a particular  casting  seems  to  relate  back 
to  its  original  as-cast  structure.  If  an  iron  with  a particularly  high 
endurance  limit  is  desired,  special  alloying  elements  such  as  those  in 
nickel-molybdenum  or  nickel-molybdenum-chromium  gray  iron,  should 
be  added(111>. 

Machinability : By  the  use  of  high  tempering  temperatures,  such  as 
1020°  F.  (550°  C.)  considerable  improvement  in  the  machinability 
of  quenched  gray  iron  castings  can  be  obtained.  However,  since  such 
improvement  in  machinability  is  almost  always  accompanied  by  a 
comparable  loss  in  wear  resistance  and  hardness,  it  is  advisable  when- 
ever possible  to  machine  the  casting  in  the  as-cast  condition  before 
heat  treating^112). 

Other  Properties : The  modulus  of  elasticity  of  a low-alloy  gray  iron 
(1.32%  nickel,  0.44%  chromium)  was  found  to  be  moderately  im- 
proved by  quench  hardening  and  tempering  as  follows  :<107>. 


Condition 

As  cast 
Oil  quenched 
Tempered  at 
570°  F.  (300°  C.) 


Modulus  of  Elasticity 

17.7  x 106  psi 
16.2  x 108  psi 
19.0  x 10s  psi 


The  modulus  of  rupture  increased  markedly  with  the  use  of  higher 
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tempering  temperatures  subsequent  to  quenching.  A similar  increase 
is  noted  for  the  transverse  breaking  load  and  deflection.  Transverse 
breaking  load,  at  least  in  the  case  of  alloy  iron  (4.5%  nickel,  1.5% 
chromium)  was  found  to  increase  substantially  even  with  tempering 
temperatures  as  low  as  400°  F.  (200°  C.)(113). 

Some  adverse  effect  on  the  corrosion  resistance  of  gray  iron  to  a 
sodium-chloride  solution  and  to  tap  water  was  found  to  occur  at  higher 
tempering  temperatures,  reaching  a maximum  at  750°  F.  (400°  C.) 
and  then  decreasing  gradually  with  higher  tempering  temperatures 

(109). 

b.  Properties  as  Affected  by  Composition  ...  A general  discussion  of 
the  effect  of  alloys  on  quench  hardening  can  be  found  in  section  2; 
the  effect  of  alloys  on  the  transformation  point  of  gray  iron  is  dis- 
cussed in  section  3.  In  addition,  the  presence  and  quantity  of  certain 
elements  in  gray  iron  may  affect  final  properties,  especially  strength 
and  hardness,  as  described  below. 

C arbon  and  silicon  in  amounts  over  those  necessary  to  keep  the  iron 
gray  tend  to  decrease  the  response  of  gray  iron  to  quench  hardening. 
The  deleterious  effect  on  tensile  strength  of  high  percentages  of  these 
elements  is  noted  in  Figure  105(U4)(115h 

Manganese  in  excessive  amounts  tends  to  decrease  the  tensile 
strength  of  quenched  gray  iron,  but  this  decrease  is  less  than  the  de- 


Fig.  105.  The  effect 
of  carbon  plus  sili- 
con on  the  tensile 
strength  of  an  unal- 
loyed gray  iron  in 
the  annealed  and 
quenched  conditions 

(114). 
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Fig.  106a.  The  effect 
of  manganese  on  the 
hardness  of  a gray 
iron  in  the  annealec 
and  quenched  condi- 
tions. (Carbon  plus 
silicon  content:  4.05- 

4.33%)di4). 


crease  in  strength  found  in  gray  irons  of  similar  compositions  in  the 
as-cast  condition.  Tempering  of  manganese  irons  reduces  the  hardness 
but  increases  the  tensile  strength  (see  Figure  106)(99>. 

Chromium  increases  the  hardness  of  quench-hardened  gray  irons, 
especially  if  the  higher  tempering  temperatures  are  employed(101). 
Molybdenum,  used  as  an  alloying  element,  can  also  produce  quench- 
hardened  gray  irons  of  high  tensile  strength  and  hardness.  In  the  case 
of  one  commercially  produced  molybdenum  gray  iron  a minimum 
hardness  of  550  Brinell  is  regularly  obtained(74). 

5.  Applications  . . . The  applications  of  quench-hardened  gray  iron  have 
been  numerous,  particularly  where  high  wear  resistance  and  strength 
combined  with  machinability  and  castability  are  required.  However, 
only  a partial  realization  of  the  potentialities  of  this  treatment  has 
been  attained.  A few  typical  applications  will  be  described  below  in 
order  that  some  idea  of  the  usefulness  and  versatility  of  the  process 
as  applied  to  gray  iron  may  be  realized. 

The  automotive  industries  have  used  quench-hardened  gray  iron 
wherever  wear  resistance  is  important,  particularly  in  such  parts 
as  cylinder  liners.  One  large  automotive  concern,  for  example,  regu- 
larly quench  hardens  diesel  cylinder  liners  of  alloy  gray  iron  (3.25- 
3.50%  total  carbon,  2.05-2.25%  silicon,  0.55-0.60%  manganese,  0.25% 
maximum  phosphorus,  0.12%  maximum  sulphur,  0.55-0.80 % chro- 
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Fig.  106b.  The  effect 
of  manganese  on  the 
tensile  strength  of  a 
gray  iron  in  the  an- 
nealed and  quenched 
conditions.  (Carbon 
plus  silicon  content: 
4.05-4.33%)Oi4). 


70 


60 


o 

-J  50 


J5  40 


30 


20 

0.9 


/ 

r ' 

. ___ 

Sand  Cast 
Sand  Cast 



ng,  as  Ca 
ng,  Harde 



St 

ned 

1.1  1.3  1.5  1.7 

Manganese— Percent 


1.9 


2.1 


mium,  1.00-1. 507c  copper,  and  0.10-0.25 7c  nickel).  Special  care  was 
taken  in  this  case  to  avoid  growth  and  distortion,  since  machining  of 
the  hardened  liners  is  both  time-consuming  and  expensive.  The  liners 
were  heated  in  a gas  furnace  to  1550°  F.  (845°  C.),  quenched  in  oil 
held  at  a temperature  of  200°  F.  (95°  C.),  and  tempered  at  550°  F. 
(290°  C.).  A hardness  of  50  to  52  Rockwell-C  (approx.  480  Brinell) 
was  obtained.  Distortion  was  limited  to  an  average  of  0.0101"  and  the 
average  maximum  diametrical  growth  was  0.0279"(110>. 

Another  company  conducted  a series  of  wear  tests  on  cylinder  liners 
which  were  first  annealed  for  machinability,  then,  after  machining, 
heated  to  1575°  F.  (857°  C.),  oil  quenched  and  finally  tempered  at 
450°  F.  (232°  C.).  The  results  are  shown  in  Table  X(117h 


No. 

Si 

T.C. 

S 

P 

TABLE 

Mn  Ni 

X 

Cr 

Mo 

Cu 

BHN 

Wear* 

No. 

Tests 

1 

2.10 

3.00 

.08 

.17 

.65 

.30 

.30 

.50 

500 

1.00 

20 

2 

1.86 

3.43 

.06 

.18 

.77 

2.82 

.45 

.21 

460 

.83 

1 

3 

2.28 

3.10 

.06 

.18 

.77 

2.82 

.45 

.21 

465 

.90 

1 

4 

1.88 

3.34 

.04 

.16 

.67 

2.79 

.49 

.48 

490 

.76 

1 

5 

2.14 

3.14 

.08 

.18 

.56 

2.79 

.46 

.48 

490 

.76 

1 

6 

2.02 

3.17 

.07 

.17 

.83 

1.58 

.51 

.51 

505 

.88 

1 

7 

2.11 

3.48 

.09 

.19 

.66 

.22 

.66 

1.19 

475 

.83 

3 

8 

2.07 

3.10 

.08 

.16 

.73 

.09 

.10 

.15 

490 

.94 

3 

*Wear  of 

1.00  corresponds  to  0.0014 

per  250  hours  of 

engine 

operation;  i.e.,  the 

average  wear  at  the  top  of  the  compression  ring  travel. 
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Gray  iron  rolls  are  frequently  employed  in  applications  requiring 
high  wear  resistance,  and  quench  hardening  may  be  quite  advan- 
tageous in  increasing  the  service  life  of  such  rolls.  Gray  iron  rollers 
for  a rubber  processing  plant  and  fountain  rolls  for  printing  machines 
are  regularly  quench  hardened  to  a Scleroscope  hardness  of  78  (above 
450  Brinell)'104).  Quench-hardened  gray  iron  rotators  for  rotary  com- 
pressors showed  no  loss  of  hardness  after  several  months  of  service  at 
temperatures  from  196  to  212°  F.  (80  to  100°  C.)'100>.  Rollers  for 
weaving  looms,  subject  to  heavy  wear  because  of  their  contact  with 
the  outer  part  of  the  roller  race,  were  manufactured  of  a low-alloy 
gray  iron  (0. 6-0.8%  chromium,  2.5-2.8%  nickel),  heated  to  1742°  F. 
(850°  C.),  quenched  in  air,  and  tempered  at  482°  F.  (250°  C.).  A 
Brinell  hardness  of  400  is  regularly  obtained'118). 

Gray  iron  dies  can  also  be  im- 
proved in  wear  resistance  by 
quench  hardening.  In  one  case 
a die  of  a four  inch  minimum 
section  is  regularly  quench  hard- 
ened without  cracking  or  appre- 
ciable distortion'100).  In  another 
case,  low  alloy  gray  iron  drawing 
dies  and  rings  for  producing 
radiator  shells,  containing  0.70% 
chromium  and  2.00%  nickel,  are 
regularly  quench  hardened'119). 
Figure  107  shows  a forging  die 
of  molybdenum  gray  iron  which 
was  oil  quenched  and  tempered 
to  375  BHN. 

Since  the  quench-hardening 
process  normally  improves  hardness  and  strength  it  may  be  used  for 
the  salvage  of  castings  which  do  not  meet  specifications  in  these 
properties.  In  one  case,  that  of  ballistic  cams  for  detector  mechanisms, 
the  salvage  treatment  was  so  successful  that  quench  hardening  was 
incorporated  as  part  of  the  standard  production  operation.  An  iron 
of  the  following  composition  was  employed : 

3.05-3.30  Total  Carbon 

1.80-2.10  Silicon 

0.69-0.80  Manganese 

. 0-20  Maximum  Phosphorus 

0-50  Minimum  Nickel 

A hardness  of  from  196  to  220  Brinell  and  a tensile  strength  of 
52,000  psi  were  specified.  When  some  of  the  castings  failed  to  meet 


Fig.  107.  Heat  treated  gray  iron  forging 
die.  Photograph  taken  after  running 
12,000  forgings.  The  die  was  oil 
quenched  from  1600°  F.  (870°  C.)  and 
tempered  at  700°  F.  (370°  C.)  for  six 
hours.  BHN  375.  (Analysis:  Total  Car- 
bon 3.20%,  Silicon  1.60%,  Manganese 
0.90%,  Chromium  0.15%,  Molybdenum 
0.77%,  Nickel  0.18%. 
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these  specifications,  they  were  heated  in  a controlled-atmosphere  gas 
furnace  to  1650-1700°  F.  (898-927°  C.)  and  oil  quenched.  They  were 
then  tempered  at  temperatures  varying  from  1100-1300°  F.  (583-705° 
C.)  chosen,  according  to  the  as-quenched  hardness,  in  such  a way  that 
the  final  hardness  would  be  in  the  specified  range  of  196-220  Brinell. 
Although  the  cams  had  been  machined  to  a tolerance  of  0.0001",  not 
one  cam  was  lost  due  to  distortion^120). 

Many  other  parts  subject  to  high  wear  have  been  successfully  manu- 
factured of  quench-hardened  gray  iron.  Ventilator  gears,  which  usu- 
ally operate  in  bad  lubricating  positions  and  often  in  the  presence  of 
fine  abrasive,  are  regularly  manufactured  of  a quench-hardened  nickel- 
chromium  gray  iron<118>.  Cement  pump  bodies,  subject  to  abrasion  by 
sand  particles,  are  regularly  manufactured  of  quench-hardened  alloy 
gray  iron  with  a hardness  of  400-450  Brinell<118>.  The  life  of  small 


electric  motor  frames  containing 
ring  operating  against  a stellite 
brake  shoe  was  increased  more 
than  fifteen-fold  by  the  use  of  a 
quench-hardening  treatment  in- 
volving heating  in  a salt  bath, 
water  quenching  and  tempering 
at  low  temperatures(6).  Other 
quench-hardened  gray  iron  parts 
reported  in  the  literature  in- 
clude rim  and  ram  tips  for  hy- 
draulic briquetting  presses, 
which  reach  a strength  of  70,000 
psi,  an  integrally  cast  worm  and 
shaft  for  a sugar  refining  pulp 
press  in  which  quench-hardened 
gray  iron  successfully  replaced 
alloy  steel  forgings,  worm  feed 
pinion  for  stokers  (see  Fig.  108), 
thread  gauges  in  which  gray 
iron  replaced  tool  steel,  and  cali- 
brating plates  for  ball  bearings 
(2)(118)_ 

A survey  was  made  of  the 
members  of  the  Gray  Iron  Foun- 
ders’ Society  in  order  to  deter- 
mine the  prevalence  and  nature 
of  heat  treatment  as  applied  to 
gray  iron  castings.  Of  those 
foundries  that  reported  the  use 


an  integrally  cast  cylindrical  brake 


Fig.  108.  Worm  feed  pinion  and  stokers 
oil  quenched  from  1600°  F.  (870°  C.) 
and  tempered  at  325°  F.  (165°  C.)  to 
BHN  of  477-514.  This  gray  iron  part 
replaced  the  part  formerly  made  of  car- 
burized 2315  steel.  (Analysis:  Total  Car- 
bon 3.25%,  Silicon  2.20%,  Manganese 
0.75%,  Chromium  0.40%,  Nickel  0.15%, 
Molybdenum  0.40%.) 


Fig.  109.  A series  of  cams  which  have 
been  heat  treated  by  pre-heating  to 
1100°  F.  (595°  C.),  then  quickly  brought 
to  1600°  F.  (870°  C.),  quenched  in  oil 
and  drawn  at  500°  F.  (260°  C.).  Mini- 
mum Brinell  hardness,  450. 
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Fig.  110.  Gray  Iron 
Gears. 


of  some  form  of  heat  treatment,  about  one-fifth  reported  that  they 
used  quench  hardening  to  improve  physical  properties.  The  following 
list,  which  gives  some  of  the  typical  applications  of  quench-hardened 
gray  iron,  includes  both  the  results  of  the  survey  and  applications  of 
the  process  reported  in  the  literature: 


Cams  and  cam  rollers  (see  Fig.  109) 

Cylinder  liners 

Dies  and  punches 

Electric  motor  frames 

Gauges 

Gears  (See  Figures  110  and  111) 


Machine  tool  parts 
Pump  bodies  and  parts 
Rim  and  ram  tips 
Rolls 

Textile  machine  parts 
Valve  guides  and  seats 
Worms  and  shafts 


e.  Hot  Quenching 

1.  General  Considerations  . . . Hot  quenching,  or  as  it  is  often  called, 
isothermal  heat  treatment,  may  be  described  as  a process  of  quenching 
ferrous  alloys,  such  as  gray  iron  castings,  from  a temperature  above 
the  critical  range  into  a bath  of  salt,  oil  or  molten  lead,  the  temperature 
of  which  is  well  above  room  temperature.  The  piece  is  then  held  at 
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the  constant  temperature  of  the  quench  bath  for  sufficient  time  to 
attain  the  desired  properties  and  structure.  Depending  on  holding  time 
and  temperature,  the  hardness,  wear  resistance,  and  toughness  of  the 
gray  iron  may  be  improved  considerably  over  the  like  properties  in 
the  as-cast  condition*  This  method  of  quenching  has  been  found 
particularly  suited  to  gray  iron  since  it  minimizes  the  more  drastic 
stresses  set  up  by  conventional  quenching  down  to  room  temperature 
or  close  to  room  temperature. 

During  the  usual  hot  quenching  operation  the  casting  is  heated  to 
a temperature  of  1500-1700°  F.  (815-925°  C.),  and  subsequently 
quenched  into  a hot  salt  bath  at  temperatures  from  450-850°  F.  (230- 
455°  C.),  the  salt  bath  being  at  the  maximum  permissible  temperature 
to  attain  the  desired  structure  and  properties  and  at  the  same  time 
relieve  most  of  the  quenching  stresses  that  tend  to  produce  distortion 
and  cracking.  The  hot  quenching  process,  like  normal  quench  harden- 
ing, takes  advantage  of  transformations  that  take  place  when  the  iron 
is  rapidly  cooled  to  temperatures  below  those  at  which  relatively  soft 
pearlite  forms. 

2.  Practical  Aspects  . . . Basically,  hot  quenching  can  be  subdivided 
into  two  different  operations,  austempering  and  martempering. 

a.  A ustempering  ...  In  austempering  the  microstructural  end  product 
of  the  gray  iron  matrix  is  essentially  bainite,  a structure  formed  below 
the  pearlite  temperature  range,  but  above  the  martensite  range.  As 
shown  in  Figure  112,  the  iron  is  quenched  from  a temperature  above 
the  transformation  range  into  a salt,  lead  or  oil  bath  and  maintained 
there  at  constant  temperature  until  transformation  to  bainite  is  com- 
plete<110). 


Fig.  111.  Gray  Iron 
Gear. 
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Fig.  112.  Sche- 
matic represen- 
tation of  an  ex- 
ample of  an  aus- 
tempering  cycle 
(no). 


Quenching  Temperature:  In  all  hot  quenching  processes  the  tem- 
perature to  which  the  casting  must  be  heated  and  the  required  hold- 
ing time  at  that  temperature  prior  to  quenching  into  the  salt  bath 
correspond  to  the  temperatures  and  times  used  in  the  case  of  quench 
hardening  described  in  section  IV  (c)  1,  i.e.  temperatures  between 
1400  and  1650°  F.  (760  and  900°  C.)  held  for  periods  of  20  minutes 
per  inch  of  thickness  after  reaching  temperature. 

Bath  Temperature : The  temperature  of  the  salt  bath  used  for  the 
hot  quench  depends  on  the  alloy  content  and  the  desired  mechanical 
properties.  A characteristic  hardness  curve  for  varying  salt  bath 
temperatures  is  shown  in  Figure  113(121). 


Fig.  113.  The  ef- 
fect of  bath  tem- 
perature on  the 
hardness  of  hot 
quenched  gray 
irons.  Holding 
times  employed 
were  sufficient  to 
complete  the 
transformation 
(4). 
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Gray  iron  is  usually  quenched  into  salt,  oil  or  lea,d  baths  at  450  to 
800°  F.  (230  to  425°  C.)(6,(116>.  When  high  hardness  and  wear  resist- 
ance are  the  ultimate  aim  of  this  treatment,  quench  bath  temperatures 
are  usually  held  within  the  lower  portion  of  the  aforementioned  tem- 
perature range,  i.e.  between  450  to  550°  F.  (230  to  290°  C.) (14). 

Holding  Time : The  factors  that  determine  the  required  holding  time 
in  the  salt  bath  for  maximum  transformation  to  bainite  are  the  tem- 
perature and  the  composition  of  the  iron<122>.  The  influence  of  austen- 
ite grain  size  in  gray  iron  is  usually  small,  but  under  certain  conditions 
may  become  significant,  as  shown  in  Figure  114.  The  effect  of  the  iron 
composition  on  the  holding  time  may  be  considerable. 


Fig.  114.  Time-temperature  transformation  curve  for  a gray 
iron  containing  3.75%  Total  Carbon,  2.9%  Silicon,  0.55%  Man- 
ganese, 0.4%  Phosphorus,  0.065%  Sulphur.  The  effect  of  grain 
size  and  the  time  required  for  transformation  is  noticeable. 

Dashed  line  is  for  coarse  grain,  solid  line  for  fine  grain. 

Alloy  additions,  such  as  nickel,  chromium  and  molybdenum  increase 
the  time  required  for  transformation.  The  best  procedure  to  deter- 
mine the  holding  time  in  a practical  case  would  be  as  follows: 

(1)  Determine  the  approximate  quench  bath  temperature  on  the 
basis  of  the  desired  final  hardness  of  the  heat-treated  casting  (see 
Fig.  113). 

(2)  Test  some  specimens  at  different  holding  times  and  select  the 
minimum  time  required  for  obtaining  the  desired  properties. 

(3)  These  first  two  steps  should  give  all  the  information  required 
for  practical  heat  treating,  but  in  certain  cases  it  may  be  helpful  to 
find  the  time  for  “end  of  transformation”  from  the  TTT  diagram 
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Fig.  115.  Cylinder 
liners  are  placed  on 
conveyor  belt  for 
austempering  treat- 
ment. 


(S  curve)  * corresponding  as  nearly  as  possible  to  the  composition  of 
the  gray  iron  to  be  treated,  keeping  in  mind  that  higher  alloy  irons 
usually  require  longer  holding  times  for  transformation 

The  section  size  may  have  an  influence  on  the  holding  time  in  the 
quench  bath  inasmuch  as  large  sections  must  be  held  for  longer 
periods  than  small  ones,  although  this  effect  is  minimized  by  the  ready 
heat  transfer  in  salt  or  lead  baths. 

The  thickness  of  the  section  and  the  shape  of  the  piece  may  limit 
the  use  of  the  austempering  treatment,  as  the  speed  of  cooling  must 
be  fast  enough  to  avoid  any  transformation  until  the  casting  reaches 
the  temperature  of  the  bath. 

A good  example  of  the  austempering  treatment  is  given  in  the  case 
of  cylinder  liners.  Cylinder  liners  were  made  of  gray  iron  containing 
3.20-3.50%  Carbon,  2.00-2.60%  Silicon,  and  .60-. 90%  Manganese,  plus 
a total  combined  alloy  content  of  1.5%  minimum  (nickel,  chromium, 

*See  TTT  diagrams  in  Appendix  I. 
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molybdenum,  copper).  Four  salt  bath  furnaces  surmounted  by  an  auto- 
matic conveying  system  were  used  to  heat  treat  35  to  75  liners  per 
hour,  depending  on  their  size  (Figures  115  and  116).  A low  tempera- 
ture preheat  bath  was  used  to  relieve  stresses  prior  to  the  austemper- 
jng(i23)(i24)_  in  this  particular  case  the  cylinder  liners  were  preheated 
to  1250°  F.  (675°  C.),  austenitized  for  8 minutes  at  1500-1550°  F. 
(815-840°  C.)  then  quenched  into  a salt  bath  at  450-600°  F.  (230- 
315°  C.)  and  held  at  this  temperature  for  30  minutes.  The  tempera- 
ture of  the  salt  bath  depended  on  the  exact  composition  of  the  iron. 
Actually  longer  holding  times  were  indicated  but  the  length  of  the 
salt  bath  did  not  permit  heat  treating  times  exceeding  30  minutes. 
As  a result  the  cylinder  liners  had  to  be  tempered  in  order  to  attain 
the  required  hardness  of  48-52  Rockwell-C. 


b.  Martempering  . . . Martempering  is  used  to  produce  martensite 
without  developing  the  high  stresses  that  usually  accompany  its  for- 
mation. It  is  similar  to  a conventional  quench  hardening  operation  in 
which,  however,  distortion  is  virtually  eliminated.  Nevertheless,  a 
considerable  portion  of  the  innate  brittleness  of  the  martensite  re- 
mains, and  if  this  must  be  removed,  the  casting  can  be  tempered  to 
the  desired  hardness  (see  section  D3)<11(i).  As  shown  in  Figure  117, 
the  casting  is  quenched  from  above  the  transformation  range  into  a 
salt,  oil  or  lead  bath,  held  at  a temperature  slightly  above  the  mar- 
tensitic formation  range  (about  400-500°  F.,  205-260°  C.  for  most  un- 
alloyed irons)  only  until  the  casting  has  reached  the  temperature  of 
the  bath,  and  subsequently  cooled  to  room  temperature. 

This  process,  too  has  been  used  successfully  in  the  heat  treatment 


Fig.  116.  View  of 
salt  baths  and  con- 
veyor system  for 
austempering  of  cyl- 
inder liners. 
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Fig.  117.  Schematic 
representation  of  an 
example  of  martem- 
pering  cycleOio), 


of  gray  iron  cylinder  liners.  In  this  case,  the  liners  were  made  of  an 
iron  containing  3.25-3.50%  Total  Carbon,  2.05-2.55%  Silicon,  0.55- 
0.60%  Manganese,  0.12%  maximum  sulphur,  0.25%  maximum  phos- 
phorus, 1. 0-1.5%  copper,  0.55-0.80%  chromium,  0.10-0.25%  nickel. 
They  were  preheated  to  1200°  F.  (650°  C.)  held  at  this  temperature 
for  five  minutes,  heated  to  1575°  F.  (860°  C.)  for  8 minutes,  quenched 
into  an  agitated  salt  bath  at  650°  F.  (345°  C.),  held  for  one  minute, 
then  air  cooled  for  one  hour  and  subsequently  tempered  at  350°  F. 
(175°  C.).  The  hardness  of  these  cylinders  was  50.2  Rockwell-C.  The 
average  maximum  distortion  was  0.0025,/  and  the  average  maximum 
growth  0.0089"(118>. 

If  a wholly  martensitic  structure  is  desired,  care  must  be  exercised 
to  hold  the  casting  only  just  long  enough  in  the  hot  quench  bath  to 
permit  its  cooling  to  a uniform  temperature.  Thus  the  size  and  shape 
of  the  gray  iron  casting  controls  the  results  obtained  by  martempering. 

3.  Mechanical  Properties  Obtained  by  Hot  Quenching  ...  In  most  cases 
isothermal  heat  treatment  of  gray  iron  gives  a product  of  higher 
toughness  than  castings  quenched  in  oil  or  water  and  tempered  to  an 
equal  hardness.  Wear  resistance  of  hot-quenched  castings  also  com- 
pares favorably  with  quenched  and  tempered  castings 

In  most  irons  the  hardness  obtained  by  isothermal  transformation 
at  a certain  temperature  is  somewhat  less  than  that  obtained  by 
quenching  and  tempering  at  that  temperature*  108><125>.  The  general 
hardness  behavior  for  unalloyed  and  for  nickel-containing  gray  iron 
was  shown  in  Figure  113<122b  A characteristic  picture  of  how  the  hard- 
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ness  of  a casting  depends  on  the  transformation  temperature  is  shown 
in  Figure  118  for  an  unalloyed  gray  iron  containing  about  2.75%  total 
carbon,  2.8%  silicon,  0.55%  manganese,  0.40%  phosphorus.  The  hard- 
ness values  shown  in  this  graph  may  change  as  the  composition  is 
altered. 

Maximum  hardness  obtained  by  austempering  is  usually  less  than 
that  obtained  by  martempering,  although  this  difference  may  be 
mostly  canceled  during  the  tempering  often  specified  after  mar- 
tempering. 

A high  strength,  low  silicon  processed  iron,  for  example,  when  mar- 
tempered  for  one  minute  at  500°  F.  (260°  C.)  showed  a hardness  of 
555  Brinell  while  the  same  iron  austempered  at  530°  F.  (275°  C)  for 
30  minutes  showed  only  444  BHN(14)<12«).  The  martempered  material 
when  tempered  for  30  minutes  at  730°  F.  (390°  C.)  gave  about  the 
same  hardness  as  the  austempered  material,  but  its  impact  resistance 
(Charpy  test,  15  mm  square,  knife-edges  70  mm  apart)  was  only  10.5 
ft.-lb.,  while  the  austempered  material  had  an  impact  resistance  of 
17.5  ft.-lbs.,  which  compared  favorably  with  the  as-cast  material 
whose  impact  resistance  was  14.5  ft.-lbs.,  at  a hardness  of  255  BHN. 

An  interesting  picture  of  the  improvement  of  mechanical  properties 
by  various  heat  treatments  is  given  in  Table  XI  for  an  iron  analyzing 
total  carbon  2.84%,  silicon  1.40%,  manganese  0.67%,  phosphorus 
0.11%,  sulphur  0.059%,  nickel  1.68%,  chromium  0.16%,  molybdenum 
0.46%  and  copper  0.15%(1U). 

When  castings  were  heat  treated  by  oil  quenching  and  tempering 
and  by  isothermal  treatment  it  was  found  that  isothermally  treated 
castings  showed  less  tendency  to  crack  and  distort1 108). 

Diesel  engine  liners  when  quenched  in  oil  at  200°  F.  (95°  C.)  and 
tempered  at  550°  F.  (290°  C.)  had  an  average  distortion  of  0.0101", 
and  occasional  cracking  was  observed1  ue).  The  same  liners  when  aus- 


395 


HEAT  TREATMENT  OF  GRAY  IRON 


TABLE  XI 


Treatment 

Tensile 

Strength 

psi 

Hardn. 

BHN 

Izod 

Impact 

ft.-lbs. 

Endurance 
Limit  psi 

Endurance 

Ratio 

c/c  Incr. 
T.  S. 

% Incr. 
End.  Lim. 

As  cast 

50,500 

217 

18 

17,500 

.35 

_ 

m 

Oil  quench  from 
1600°  F.,  temp,  at 
1050°  F.,  air  cool 

66,600 

311 

16 

18,000 

.27 

31.9 

2.9 

Hot  quench  from 
1600°  F.  to  900°  F. 
16  hrs.,  air  cool 

63,300 

248 

15 

17,500 

.28 

25.4 

0 

Same  but  to 

650°  F. 

71,000 

255 

21 

22,500 

.32 

40.6 

28.6 

Cool  in  mold  to 
1600°  F„  then 
air  cool 

66,000 

248 

18 

21,000 

.32 

30.8 

20.0 

tempered*  gave  an  average  maximum  distortion  of  0.0026",  and  when 
martempered  the  average  maximum  distortion  was  0.0025".  The 
average  maximum  growth  for  these  liners  was  as  follows : 


Oil  quenched  and  tempered  0.0279" 

Austempered  0.0099" 

Martempered  0.0089" 


Wear  tests  on  three  cams  which  had  been  tested  (1)  as-cast,  (2) 
quenched  and  tempered,  and  (3)  hot  quenched,  showed  that  the  per- 
formance of  the  hot-quenched  castings  greatly  exceeded  that  of  the 
other  two  when  the  quenched  cam  had  been  tempered  to  the  same 
hardness  as  the  isothermally  treated  casting'1). 

It  is  believed  that  isothermal  heat  treatment  of  gray  cast  iron  would 
in  particular  cases  improve  the  physical  properties  of  such  products 
as  piston  rings,  brake  drums,  brake  shoes,  crank  shafts,  etc.(127>.  Hot 
quenching  of  gray  iron  may  hold  considerable  promise  for  those  cases 
in  which  structural  parts  of  intricate  design  and  high  wear  resistance 
combined  with  good  impact  properties  are  desired.  Certainly  hot 
quenching,  although  relatively  costly  is  a very  fertile  field  for  future 
production  of  gray  iron  castings  to  meet  specific  engineering  require- 
ments. 


*The  austempering  cycle  is  as  follows: 

Preheat  5 min.  at  1200°  F.  (650°  C.) 
Austenitize  8 min.  at  1600°  F.  (870°  C.) 
Quench  20  min.  at  480°  F.  (250°  C.) 

Cool  in  air. 


The  martempering  cycle  is  as  follows: 

Preheat  5 min.  at  1200°  F.  (650°  C.) 
Austenitize  8 min.  at  1575°  F.  (860°  C.) 
Quench  1 min.  at  650°  F.  (345°  C)  (agi- 
tated). 

Cool  in  air  for  at  least  one  hr. 

Draw  at  350°  F.  (175°  C.). 
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FUNDAMENTALS  OF  HEAT  TREATMENT  OF  GRAY  IRON 

Appendices  I and  II  have  been  added  to  this  chapter  in  answer  to  a 
demand  for  further  information  on  the  heat  treatment  mechanism. 
The  information  is  not  essential  for  the  practical  heat  treatment  of 
gray  iron  but  is,  of  course,  valuable  in  developing  new  or  special  heat 
treating  techniques. 

The  problem  of  explaining  the  metallurgy  of  heat  treatment  is 
somewhat  complicated  by  the  fact  that  the  classical  iron-carbon  or 
iron-carbon-silicon  equilibrium  diagrams  do  not  represent  the  actual 
resulting  structures  in  gray  iron  except  under  the  one  very  rare  con- 
dition where  the  iron  is  cooled  at  extremely  slow  rates  so  that  actual 
equilibrium  such  as  breakdown  of  any  pearlite  or  iron  carbide  in  the 
structure  to  ferrite  plus  graphite  has  completely  taken  place.  Of 
course,  such  slow  rates  of  cooling  are  not  even  approximated  by  cool- 
ing in  air  or  even  cooling  of  the  casting  in  sand. 

To  overcome  this  difficulty  the  constitution  of  a gray  iron  containing 
about  2%  silicon  at  various  temperatures  is  shown  in  Fig.  119  in  a 
schematic  form,  taking  into  consideration  the  “degree  of  stability” 
that  the  iron  was  allowed  to  attain.  Like  all  processes  in  nature,  the 
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Fig.  119.  Schematic 
Phase  Diagram  of 
an  Iron  Containing 
About  2%  Silicon. 

Legend: 


— Ferrite 
— Austenite 
Ca  — Carbide 
Gr  — Graphite 
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transformations  taking  place  in  gray  iron  tend  ultimately  towards 
a more  stable  or  equilibrium  state(103>.  As  noted  this  tendency  may, 
however,  be  hampered  or  even  virtually  cancelled  by  rapid  cooling 
rates,  during  which  the  atoms  have  insufficient  time  in  the  high  tem- 
perature ranges  to  attain  the  desired  stable  state. 

Considering,  for  example,  an  alloy  containing  3%  carbon,  the  dia- 
gram of  Fig.  119  indicates  that,  at  a temperature  of  1600°  F.  (870° 
C.),  the  constituents  would  be  austenite*  and  graphite,  provided  suf- 
ficient time  is  allowed  for  the  material  to  reach  this  stable  condition. 
However,  under  normal  cooling  conditions,  the  iron  would  probably 
consist  of  austenite,  some  carbide,  and  graphite  flakes,  indicated  on 
the  diagram  as  the  “intermediate”  condition.  Once  the  temperature  is 
below  the  critical  line  C-D,  this  alloy  will  begin  to  form  ferrite**.  Upon 
further  cooling,  the  amounts  of  ferrite  present  increase  at  the  expense 
of  the  carbon-rich  austenite.  Since  the  amount  of  carbon  that  can  be 
dissolved  in  ferrite  is  extremely  small,  this  formation  of  ferrite  is  as- 
sociated with  the  precipitation  of  carbon  in  the  pure  form  as  graphite 
flakes  and/or  in  the  form  of  iron  carbides,  such  as  exist  in  pearlite. 

As  in  most  metallurgical  reactions,  the  complete  transformation  of 
one  phase  into  one  or  two  others  requires  a certain  minimum  time. 
Fig.  119  indicates  that  further  cooling  of  the  iron  would  normally 
transform  it  into  a structure  containing  ferrite,  graphite,  and  carbide. 
Actually,  this  is  the  structure  that  is  almost  always  found  in  gray 
iron  that  is  cooled  from  the  casting  temperature.  With  infinitely  slow 
cooling  the  iron  would  consist  entirely  of  ferrite  and  graphite,  but 
actually  this  structure  can  only  be  approximated  by  annealing  below 
the  transformation  point. 

The  carbon  atoms  contained  originally  in  austenite  and  in  iron  car- 
bide must  travel  comparatively  long  distances  to  deposit  on  the  nearest 
graphite  flake.  The  speed  with  which  they  travel  in  the  iron  decreases 
rapidly  as  the  temperature  is  lowered  and  becomes  insignificantly 
small  even  at  several  hundred  degrees  above  room  temperature.  Most 
cooling  rates  are  so  rapid  that  carbon  has  time  to  deposit  only  partially 
as  graphite  and  a considerable  percentage  appears  as  iron  carbide  (as 
pearlite  or  more  rarely  as  massive  cementite) . 

In  other  words,  most  gray  irons  actually  are  represented  by  an  inter- 
mediate state  which  is  a compromise  between  the  ideal  stable  (equi- 
librium) state  and  a non-equilibrium  (metastable  state).  The  exact 
constitution  of  gray  iron  depends  then  primarily  on  two  factors,  i.e. 
(a)  its  composition  and  (b)  the  cooling  rate.  If  the  iron  contains  suf- 

* Austenite  is  the  gamma  (J*)  form  of  iron  (face-centered-cubic)  in  which  certain 
amounts  of  carbon  are  dissolved. 

**Ferrite  is  the  alpha  (<C)  form  of  iron  (body-centered-cubic)  in  which  very  small 
amounts  of  carbon  are  dissolved. 
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ficient  silicon  its  tendency  will  be  towards  a more  stable  state,  i.e.,  the 
elimination  of  all  carbides.  Thus,  when  a pearlitic-  iron  is  heated  to 
temperatures  close  to  the  line  A-B  in  Fig.  119,  and  held  at  these  tem- 
peratures the  atoms  regain  sufficient  mobility  to  travel  to  the  nearest 
graphite  flakes  and  precipitate  as  pure  carbon  leaving  behind  a matrix 
of  soft  ferrite,  steadily  increasing  in  area  at  the  expense  of  the 
pearlite.  This  latter  process  is  the  basis  for  the  annealing  or  softening 
treatment  described  in  detail  in  Section  III  of  this  Chapter.  If  the  iron 
is  heated  at  a reasonably  high  rate,  the  pearlite  may  not  have  suf- 
ficient time  to  decompose  and  will  continue  to  exist  until  the  actual 
transformation  range  ABCD  in  Fig.  119  is  reached.  The  pearlite  then 
transforms  into  austenite  and,  when  the  iron  is  held  at  temperatures 
above  ABCD  in  Fig.  119,  the  austenite  will  pick  up  increasingly  large 
amounts  of  carbon  not  only  from  the  former  carbides  but  also  from 
the  existing  graphite  flakes.  In  this  case  the  pearlite  disappears  by 
solution,  which  should  not  be  confused  with  the  decomposition  by 
graphitization  when  slowly  cooled  or  held  at  temperatures  below  the 
transformation  range.  The  austenitizing  process  enriches  the  ground- 
mass  in  carbon  and,  since  carbon  is  the  most  important  hardening 
agent,  is  of  fundamental  importance  for  quench  hardening  of  gray 
iron  described  in  detail  in  Section  IV-D  of  this  Chapter. 

The  drastic  effect  that  composition,  particularly  silicon,  has  on  the 
hardening  reactions  of  gray  iron,  as  opposed  to  simply  annealing  or 
stress  relieving,  is  clearly  demonstrated  by  Fig.  120.  These  rather 
complicated  constitutional  diagrams  for  three  different  irons  have 
been  superimposed  on  each  other : one  containing  no  silicon,  the  second 


Fig.  120.  Constitu- 
tional diagrams  for 
iron-carbon  alloys 
containing  0%,  2%, 
and  3.8%  silicon. 
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containing  2%  silicon  and  a third  containing  3.8%  silicon.  In  heat 
treatment  we  are  mainly  interested  in  three  points  shown  on  this 
diagram,  as  S,  S',  and  S".  These  are  the  temperatures  above  which  the 
irons  must  be  reheated  before  any  hardening  through  the  production 
of  maitensite  can  be  obtained.  As  the  silicon  increases  the  iron  must 
be  heated  to  higher  and  higher  temperatures  for  effective  hardening. 
This  again  demonstrates  the  advisability  of  holding  the  silicon  content 
of  any  iron  to  be  heat  treated  to  as  low  a level  as  possible,  preferably  to 
a maximum  of  approximately  2%  silicon.  This  in  itself  presents  prob- 
lems as  concerns  avoidance  of  distortion  or  cracking.  Even  more  im- 
portant, the  presence  of  silicon  lowers  the  amount  of  carbon  that  is 
absorbed  by  the  iron  as  it  is  heated  above  the  transformation  point. 
For  example,  if  a gray  iron  could  be  made  with  no  silicon  it  would  be 
possible  to  absorb  some  .83%  carbon  above  the  transformation  point. 
Actually,  of  course,  it  is  not  possible  and  some  silicon  must  be  present, 
usually  1.5%  or  more.  As  the  silicon  rises  to  2%  it  will  be  noted  that 
the  amount  of  carbon  that  can  be  absorbed  is  now  around  .55%  which, 
of  course,  lowers  the  final  hardness  of  the  martensite  and  the  efficiency 
of  the  hardening  operation.  Considerations  of  this  type  have  led  men 
experienced  in  the  heat  treatment  of  gray  iron  to  attempt  to  keep  the 
silicon  level  as  low  as  possible. 

The  above  discussions  have  given  an  explanation  for  the  existence 
of  ferrite,  graphite,  and/or  pearlite  and  carbide  in  gray  iron.  They 
may  be  summarized  as  follows : 

(a)  Composition:  The  presence  of  graphitizing  elements  favors  the 
breakdown  of  carbides,  including  pearlite.  The  most  effective  graph- 
itizing element  is  silicon,  followed  next  by  nickel,  cobalt,  aluminum, 
and  copper.  Carbide  stabilizing  additions,  such  as  chromium,  molyb- 
denum, vanadium,  titanium,  and  manganese,  tend  to  prevent  the 
breakdown  of  the  carbides,  thereby  preserving  a pearlitic  structure. 

(b)  Cooling  Rate:  The  slower  the  cooling  rate  from  above  the 
critical  temperature  the  greater  the  tendency  to  form  a matrix  of 
ferrite  and  graphite.  Faster  cooling  rates,  on  the  other  hand,  will 
favor  the  formation  of  pearlite. 

It  should  be  considered  that  even  the  formation  of  carbide-contain- 
ing structures,  notably  pearlite,  requires  some  time.  Again,  carbon 
atoms  must  travel  over  certain  distances  to  take  up  their  proper  posi- 
tions in  relation  to  iron  atoms  in  order  to  form  iron  carbide  crystals.  Ex- 
tremely rapid  cooling  rates,  such  as  those  obtained  by  quenching  into 
water  or  oil,  may  therefore  effectively  diminish  or  even  prevent  the 
formation  of  pearlite.  The  high-temperature  austenite  would  then 
have  the  opportunity  to  exist  even  at  low  temperatures.  Thus,  if  the 
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austenite  can  be  retained  by  rapid  cooling  to  a temperature  of  200 
to  400°  F.  (95  to  205°  C.),  usually  referred  to  as  the  Ms,  most  of  the 
austenite  changes  into  a new  structure  called  martensite  which  is  the 
desired  end  product.  Contrary  to  the  other  changes  that  take  place 
in  gray  iron  upon  cooling,  during  the  formation  of  martensite  the 
atoms  do  not  have  to  travel  by  ordinary  diffusion.  As  a result,  the 
martensite  has  the  same  composition  as  the  austenite  from  which 
it  came.  It  is  this  particular  characteristic  that  affects  the  final  hard- 
ness of  a rapidly  quenched  casting.  Fig.  121  illustrates  the  increase 


Fig.  121.  The  effect 
of  carbon  dissolved 
in  the  austenite  on 
the  as-quenched 
hardness  of  iron(12s). 
The  hardness  of 
gray  iron  usually 
tests  lower  than  this 
due  to  the  presence 
of  the  graphite. 


in  hardness  with  increasing  carbon  content.  It  is  significant  that  the 
hardness  of  quenched  gray  iron  depends  almost  entirely  on  the  carbon 
content  of  the  austenite  at  the  moment  when  it  is  quenched;  other 
alloying  elements  may  affect  the  depth  to  which  the  hardened  layer 
penetrates,  i.e.  the  hardenability,  but  not  the  hardness  as  such. 

The  hard  martensitic  structures  have  a tendency  to  be  brittle,  so 
that  their  practical  application  is  somewhat  limited.  It  was  pointed 
out  in  Section  IV-D  of  this  Chapter  that  this  brittleness  may  be  allevi- 
ated by  tempering  subsequent  to  the  quenching.  The  tempering  proc- 
ess simply  permits  some  of  the  carbon  atoms  which  are  contained 
in  the  martensite  to  move  out  of  these  crystals  and  to  form  very  small 
colonies  of  iron  carbides.  This  takes  some  of  the  hardness  and  strength 
of  the  original  martensite  crystals  but  improves  the  ductility  and 
toughness  of  the  entire  structure. 

Both  time-dependent  transformations  such  as  austenite  to  pearlite 
and  time-independent  transformations  such  as  austenite  to  martensite 
can  be  represented  conveniently  on  a so-called  TTT  (time,  tempera- 
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Time  — Sec. 


Fig.  122.  Schematic 
Time-Temperature- 
Transformation  Dia- 
gram (S-Curve). 


ture,  transformation)  diagram  or  “S-curve.”  Fig.  122  gives  a sche- 
matic example  of  such  a diagram.  The  upper  portion  of  the  diagram  is 
limited  by  the  equilibrium  transformation  temperature,  above  which 
the  matrix  would  consist  of  austenite,  irrespective  of  the  holding  time 


Fig.  123.  Time-tem- 
perature-transfor- 
mation diagram  of 
an  unalloyed  gray 
iron  containing 
3.63%  total  carbon 
and  1.75%  silicon 
(121). 
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Fig.  124.  Time-tem- 
perature transfor- 
mation diagram  of  a 
gray  iron  containing 
3.68%  total  carbon, 
1.20%  silicon  and 
2.03%  nickelG2i). 


at  temperature.  If  the  alloy  is  cooled  from  above  the  transformation 
temperature  to  below  the  transformation  temperature  and  then  held 
for  a certain  time  at  the  latter  as  indicated  by  the  dashed  line  in  Fig. 
122,  the  austenite  will  gradually  transform  into  pearlite.  The  begin- 
ning of  the  formation  of  pearlite  is  indicated  by  the  curve  marked 
“Starts.”  About  50%  of  the  austenite  has  transformed  by  the  time 
the  curve  “50  %”  is  reached,  and  the  transformation  ends  at  the  third 
curve.  In  the  above  diagram,  the  “pearlite-nose”  at  about  1200°  F. 
(650°  C.)  marks  the  most  rapid  transformation  from  austenite  to 
pearlite.  The  horizontal  line,  marked  “Ms,”  illustrates  the  temperature 
at  which  the  austenite  changes  into  martensite,  the  rate  of  cooling 
having  been  sufficient  to  avoid  transformation  to  pearlite.  If  a casting 
is  to  be  fully  hardened  throughout  its  entire  thickness,  the  cooling 
rate,  even  at  the  center  of  the  casting,  must  be  rapid  enough  (dotted 
line  in  Fig.  122)  to  avoid  the  “pearlite  nose.”  In  this  case  all  the  aus- 
tenite will  transform  into  hard  martensite.  If  the  cooling  rate  is  not 
fast  enough,  some  of  the  austenite  will  transform  into  pearlite  which 
is  then  no  longer  available  for  a production  of  a hardened  martensite 
structure.  Since  most  alloying  elements  tend  to  move  the  “pearlite 
nose”  towards  the  right,  i.e.,  towards  longer  periods,  it  becomes  easier 
to  avoid  the  “pearlite-nose”  in  heavy,  slow-cooling  castings,  when 
alloys  are  added  to  the  iron.  In  Figs.  123  to  127  the  effects  of  various 
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Fig.  125.  Time-tem- 
perature transfor- 
mation diagram  of  a 
gray  iron  containing 
2.58%  total  carbon, 
2.55%  silicon,  1.02% 
nickel,  and  0.53% 
molybdenum!129). 


Fig.  126.  Time-tem- 
perature transfor- 
mation diagram  of  a 
gray  iron  containing 
2.41%  total  carbon, 
2.48%  silicon,  1.10% 
nickel,  and  0.90% 
molybdenum!129). 


Fig.  127.  Time-tem- 
perature transfor- 
mation diagram  of  a 
gray  iron  containing 
2.56%  total  carbon, 
2.55%  silicon,  3.06% 
nickel,  and  1.02% 
molybdenum!129). 
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Fig.  128a.  Photomicrograph  of  bainite 
in  gray  iron  which  was  formed  from 
austenite  at  500°  F.  The  iron  was 
quenched  from  1550°  F.  to  500°  F.  and 
held  at  this  temperature  for  three 
hours  before  cooling  to  room  tempera- 
ture normally.  Magnification  is  360 
diameters  as  printed. 


alloy  additions  on  the  shape  of  the  TTT-diagram  are  shown  for  a 
series  of  irons. 

If  a transformation  temperature  is  chosen  below  the  “pearlite-nose,” 
the  iron  will  undergo  a change  not  into  pearlite  but  into  a new  struc- 
ture,  called  bainite.  This  structure  is  shown  in  the  photomicrograph 
in  Fig.  128a  and  differs  markedly  from  the  pearlite  microstructure  of 
Fig.  128b  and  the  martensite  structure  in  Fig.  128c.  The  formation 
of  bainite  is  a time-dependent  process,  very  much  like  that  of  pearlite, 
and  the  beginning  and  the  end  of  the  bainite  reaction  at  various  tem- 
peratures is  also  shown  by  the  respective  curves  in  the  TTT-diagrams 
(figs.  123  to  127).  Its  formation,  as  in  the  case  of  martensite,  depends 
on  cooling  the  iron  at  a sufficiently  high  rate  to  avoid  the  “pearlite 


Fig.  128b.  Photomicrograph  of  coarse 
pearlite  in  low  silicon  gray  iron.  The 
iron  was  slowly  cooled  from  1550°  F. 
to  room  temperature  so  that  transfor- 
mation would  take  place  above  1200° 
F.  The  magnification  is  180  diameters 
as  printed. 
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Fig.  128c.  Photomicrograph  of  mar- 
tensite in  gray  iron.  The  iron  was 
rapidly  quenched  in  oil  from  1550°  F. 
to  room  temperature.  The  transforma- 
tion from  austenite  to  martensite  took 
place  below  400°  F.  The  sample  shown 
was  not  tempered.  Printed  magnifica- 
tion is  360  diameters. 


nose.”  Since  bainite  has  a number  of  very  desirable  characteristics, 
such  as  high  strength  combined  with  relatively  high  toughness,  “iso- 
thermal heat  treatments”  or  “hot-quenching  methods”  have  been 
introduced  to  transform  as  much  of  the  matrix  as  possible  to  bainite. 
The  practical  aspects  of  the  isothermal  method  called  “austempering” 
are  given  in  Section  IV-E  of  this  chapter. 


406 


HEAT  TREATMENT  OF  GRAY  IRON 


APPENDIX  II 

HARDEN  ABILITY 

Hardenability  may  be  defined  as  the  ability  of  a material  to  harden  to 
a certain  depth  below  the  surface.  It  must  not  be  confused  with  the 
hardness  level  of  the  martensite.  The  hardness  level  depends  primarily 
on  the  structure  of  the  heat-treated  iron  and  on  the  amount  of  carbon 
dissolved  in  the  hard  components  of  the  matrix,  i.e.  the  martensite. 
The  effect  of  the  dissolved  carbon  on  the  hardness  of  the  gray  iron 
matrix  is  shown  in  Fig.  121  of  Appendix  I.  The  amount  of  the  carbon 
held  in  the  martensite  is  equal  to  the  amount  of  carbon  dissolved  in 
the  high  temperature  form  of  the  iron,  austenite,  at  the  time  of  the 
quench. 

Hardenability,  on  the  other  hand  is  the  depth  to  which  the  iron  will 
harden  under  given  quenching  conditions,  and  is  greatly  influenced 
by  the  alloy  content.  It  was  shown  that  the  matrix  of  the  gray  iron 
can  be  transformed  into  austenite  by  heating  the  material  above  a 
certain  temperature.  Upon  slow  cooling,  the  austenite  changes  into 
pearlite.  If  the  cooling  rate  is  high  enough,  however,  most  of  the  aus- 
tenite will  transform  into  martensite,  which  gives  the  heat-treated 
iron  a very  high  hardness.  The  minimum  cooling  rate  required  to  avoid 
transformation  of  austenite  into  relatively  soft  pearlite  or  any  other 
constituent  but  martensite  is  called  the  “critical  cooling  rate.” 

If  the  cooling  rate  at  a certain  point  within  the  casting  is  greater 
than  the  critical  rate,  the  resulting  structure  will  be  martensitic.  On 
the  other  hand,  if  the  cooling  rate  at  this  point  is  much  slower  than 
the  critical  rate,  the  structure  will  be  relatively  soft  and  will  consist 
mainly  of  pearlite  and  ferrite  or,  under  certain  circumstances,  of 
bainite.  If  the  cooling  velocity  approximates  the  critical  rate,  the 
resulting  hardness  of  the  matrix  will  be  intermediate  to  the  above 
extreme  cases,  as  the  structure  would  consist  of  a mixture  of  hard 
martensite  and  relatively  soft  pearlite. 

If,  as  is  sometimes  done,  an  arbitrary  criterion  for  a successful 
hardening  is  established  by  saying  that  a core  structure  consisting 
of  50%  martensite  and  50%  softer  components  is  produced,  the  di- 
ameter of  a quenched  cylindrical  specimen  which  hardens  to  this 
degree  could  be  taken  as  a measure  of  hardenability.  The  greater  the 
diameter  of  the  specimen  that  can  be  so  hardened  throughout  its 
cross-section,  the  greater  the  hardenability  of  the  material. 

It  has  become  customary  to  measure  the  hardenability  by  the  end- 
quench  test,  often  called  the  “Jominy  Test.”  In  this  test,  which  has 
been  standardized  tentatively'130),  a cylindrical  bar  of  1"  diameter 
and  3 to  4"  length  is  heated  to  the  required  austenitizing  temperature 
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Fig.  129.  Hardness 
plot  of  end-quench 
test  for  unalloyed 
and  alloyed  gray 

irons<4»). 


and  held  at  that  temperature  for  30  minutes.  It  is  then  quickly  trans- 
ferred to  a fixture  which  keeps  the  bar  hanging  in  a vertical  position 
while  a jet  of  water  of  l/2"  diameter  is  directed  against  the  flat  bottom 
end  of  the  bar.  The  pressure  of  the  water  jet  is  pre-set  in  such  a 
manner  that  the  free  jet  reaches  a height  of  2i/2"  to  4"  above  the 
nozzle  and  contacts  and  cools  only  the  bottom  end  of  the  specimen.  The 
bar  is  kept  in  the  fixture  for  about  10  minutes.  By  this  process  dif- 
ferent cooling  rates  exist,  depending  on  the  distance  from  the  quenched 
end  of  the  bar.  Naturally  the  portion  of  the  cylindrical  bar  near  the 
bottom  end  cools  fastest,  while  the  portion  near  the  top  cools  slowest. 
Two  flats,  about  hf"  wide,  are  then  ground  diametrically  opposite  to 
each  other  along  the  entire  length  of  the  bar  and  the  hardness  is 
measured  along  these  flats  in  intervals  of  1/16"  from  the  quenched 
end.  The  plot  of  the  hardness  vs.  the  distance  from  the  quenched  end 
is  an  indication  of  the  hardenability  of  the  tested  material. 

An  example  of  such  hardenability  plot  is  shown  in  Fig.  129.  The 
tendency  for  alloy  iron  to  maintain  a high  hardness  level  even  at  the 
relatively  low  cooling  rates  corresponding  to  points  over  1"  away 
from  the  quenched  end,  is  evident  from  this  plot. 


408 


PICTURE  CREDITS 

Fig.  1 Brown  & Sharpe  Manufacturing  Company 

Fig.  5 Acme  Foundry  & Machine  Company 

Fig.  7 Textile  Machine  Works 

Fig.  9 Alten  Foundry  & Machine  Works 

Fig.  10 Black  Clawson  Company 

Fig.  12 Brown  & Sharpe  Manufacturing  Company 

Fig.  16 Superior  Foundry,  Inc. 

Fig.  19 Fletcher  Works,  Inc. 

Fig.  21 Fletcher  Works,  Inc. 

Fig.  22 Brown  & Sharpe  Manufacturing  Company 

Fig.  34 Bostick  Foundry  Company 

Fig.  35 Bostick  Foundry  Company 

Fig.  36 Ferrotherm  Company 

Fig.  37 Ferrotherm  Company 

Fig.  38 Ferrotherm  Company 

Fig.  39 United  States  Pipe  & Foundry  Company 

Fig.  42 Carondelet  Foundry  Company 

Fig.  43 U.  S.  Electrical  Motors,  Inc. 

Fig.  44 Sessions  Foundry  Company 

Fig.  46 Climax  Molybdenum  Company 

Fig.  47 Air  Reduction  Sales  Company 

Fig.  48 R.  K.  LeBlond  Machine  Tool  Company 

Fig.  49 Air  Reduction  Sales  Company 

Fig.  50 Air  Reduction  Sales  Company 

Fig.  51 Air  Reduction  Sales  Company 

Fig.  52  Linde  Air  Products  Company 

Fig.  53 R.  K.  LeBlond  Machine  Tool  Company 

Fig.  54 Linde  Air  Products  Company 

Fig.  55 Cincinnati  Milling  Machine  Company 

Fig.  56 Cincinnati  Milling  Machine  Company 

Fig.  57 Ford  Motor  Company 

Fig.  58 General  Iron  Works  Company 

Fig.  59 Linde  Air  Products  Company 

Fig.  60 Linde  Air  Products  Company 

Fig.  61 Linde  Air  Products  Company 

Fig.  67 Monarch  Machine  Tool  Company 

Fig.  68 Monarch  Machine  Tool  Company 

Fig.  71 Ford  Motor  Company 

Fig.  72 Ford  Motor  Company 

Fig.  73 Ford  Motor  Company 

Fig.  74 Iron  and  Steel,  and  Flame  Hardness  Ltd.,  Sheffield,  England 

Fig.  75 Linde  Air  Products  Company 

Fig.  76 General  Iron  Works  Company 

Fig.  82 Minneapolis-Moline  Company 

Fig.  83 Minneapolis-Moline  Company 

Fig.  84 Minneapolis-Moline  Company 

Fig.  89 Caterpillar  Tractor  Company 

Fig.  90 Caterpillar  Tractor  Company 

Fig.  93 Ford  Motor  Company 

Fig.  94 Ohio  Crankshaft  Company 

Fig.  95 Cooper-Bessemer  Corporation 

Fig.  100 The  Lakeside  Steel  Improvement  Company 

Fig.  107 Climax  Molybdenum  Company 

Fig.  108 Climax  Molybdenum  Company 

Fig.  109 Cooper-Bessemer  Corporation 

Fig.  HO The  W.  O.  Larson  Foundry  Company 

Fig.  Ill The  W.  O.  Larson  Foundry  Company 

Fig.  115 Thompson  Products,  Inc. 

Fig.  116 Thompson  Products,  Inc. 

Fig.  128 Charles  F.  Walton 


409 


BIBLIOGRAPHY 


I.  INTRODUCTION 

(1)  Vanick,  J.  S.  “Progress  in  Heat  Treatment  of  Alloy  Cast  Iron.”  Foundry,  V.  71, 
July,  pp.  90-92,  178-179,  August  1943,  pp.  96-97. 

(2)  Herington,  C.  E.  “Engineering  Properties  of  Iron  Castings  Can  be  Improved 
by  Heat  Treatment.”  Materials  & Methods,  V.  32,  December  1950,  pp.  50-53. 


II.  STRESS  RELIEF 

(3)  LeThomas,  A.  “Stress  Relieved  Cast  Irons.”  Foundry  Trade  Journal,  V.  62, 
March  21,  1940,  pp.  217-218,  232. 

(4)  Hurst,  J.  E.  “An  Investigation  of  the  Internal  Stresses  in  Cast  Iron.”  Iron  & 
Steel,  V.  13,  October,  pp.  29-32;  November,  pp.  61-64;  December  1939,  pp.  133- 
134. 

(5)  Benson,  L.  E.  and  Allison,  H.  “Relief  of  Internal  Stresses  in  Castings.”  Foun- 
dry Trade  Journal,  V.  58,  June  23,  1938,  pp.  527-528. 

(6)  Vanick,  J.  S.  “Engineering  Properties  of  Heat  Treated  Cast  Irons.”  Transac- 
tions of  American  Foundrymen’s  Association,  V.  54,  1946,  pp.  460-464. 

(7)  Presser,  K.  G.  “Stress  Relieving  Large  Gray  Iron  Castings  for  Diesel  Engines.” 
Industrial  Heating,  V.  15,  June  1948,  pp.  932-934,  936,  938. 

(8)  Anonymous.  “Castings  Stress  Relieved  by  the  Trayfull.”  Steel,  V.  127,  Sep- 
tember 25,  1950,  p.  75. 

(9)  Anonymous.  “Cylinders  and  Pistons;  Refinement  in  Production  at  Morris 
Motors  Ltd.”  Automotive  Engineer,  V.  30,  February  1940,  p.  44. 

(10)  Schaum,  J.  H.  “Stress  Relief  of  Gray  Cast  Iron.”  Transactions  of  the  American 
Foundrymen’s  Society,  V.  56,  1948,  pp.  265-277. 

(11)  Hallett,  M.  M.  and  Wing,  P.  D.  “Stress  Relief  Heat  Treatment  of  Alloy  Cast 
Iron.”  Foundry  Trade  Journal,  V.  87,  August  11,  1949,  pp.  177-183. 

(12)  Tottle,  C.  R.  “Plastic  Flow  in  Cast  Iron,  at  Room  and  Elevated  Temperatures, 
with  Special  Reference  to  Relief  of  Stress.”  Foundry  Trade  Journal,  V.  85, 
November  11,  1948,  pp.  455-460,  463. 

(13)  Russell,  P.  A.  “Heat  Treatment  of  Grey  Cast  Iron  for  Relief  of  Internal 
Stresses.”  Foundry  Trade  Journal,  V.  80,  September  5,  1946,  pp.  3-9. 

(14)  Austin,  C.  R.  “How  Heat  Treatment  Affects  High-Strength  Irons.”  American 
Machinist,  V.  89,  October  25,  1945,  pp.  118-120. 

(15)  Gilbert,  G.  N.  J.  “The  Relief  by  Heat  Treatment  of  Externally  Applied  Stresses 
to  Cast  Iron.”  British  Cast  Iron  Research  Association,  Journal  of  Research  & 
Development,  V.  3,  August  1950,  pp.  499-514. 

(16)  A.S.T.M.  Standards,  “Tentative  Specifications  for  Gray  Iron  Castings  for 
Pressure  Containing  Parts  for  Temperatures  up  to  650°  F,”  A.S.T.M.  Designa- 
tion A-278-49,  Rev.  1949. 

(17)  Tottle,  C.  R.  “A  Note  on  Measure  of  Stress  Relief.”  Metallurgia,  V.  43,  March 
1951,  pp.  148-150. 

(18)  Foundry  Trade  Journal,  V.  84,  March  25,  1948,  pp.  303-305,  308. 

(19)  Private  Communication,  A.  C.  Denison,  Fulton  Foundry  & Machine  Co.,  Cleve- 
land, Ohio. 

(20)  Private  Communication,  Worthington  Pump  & Machinery  Corp.,  Buffalo,  N.  Y. 


410 


(21)  Collaud,  Albert.  “Contribution  to  Grading  Cast  Irons  by  Mechanical  Charac- 
teristics and  Improving  Their  Service  Performance.”  Veto  Roll  Mitteilungen, 
Vol.  3,  No.  1/2,  June  1944. 


III.  ANNEALING  OR  SOFTENING 

(22)  Increased  Production,  Reduced  Costs  Through  a Better  Understanding  of  the 
Machining  Process  and  Control  of  Materials,  Tools,  Machines.  U.  S.  Air  Force 
Researches  Planning  Section,  Industrial  Planning  Division,  Air  Material 
Command.  Curtis- Wright:  Wood-Ridge,  New  Jersey,  1950. 

(23)  Bolton,  L.  W.  “Soft  Cast  Iron.”  Bulletin,  British  Cast  Iron  Research  Associa- 
tion, V.  41,  July  1934,  pp.  6-10. 

(24)  Heat  Treatment  of  Cast  Iron.”  Report  and  Recommendations  of  Sub-Com- 
mittee T.S.  31.  Foundry  Trade  Journal,  V.  91,  August  2,  1951,  pp.  117-124. 

(25)  Allen,  A.  H.  “Around  Detroit.”  Foundry,  V.  77,  April  1949,  p.  122. 

(26)  Joseph,  C.  F.  “Recent  Heat  Treating  Developments.”  Journal,  Society  of 
Automotive  Engineers,  V.  57,  August  1949,  pp.  56-57. 

(27)  “Meehanite  Tables.”  Machine  Design,  V.  19,  May  1947,  pp.  147-150. 

(28)  Bader,  M.  “Notes  on  the  Heat  Treatment  of  Gray  Cast  Iron.”  Engineering 
Digest,  V.  1,  February  1944,  pp.  165-167. 

(29)  Demmler,  A.  W.  “Annealing  Iron  Castings  for  Machinability.”  American 
Foundrymen’s  Society,  Preprint  No.  53-80,  1953. 

(30)  Sylvester,  A.  W.  “Graphitization  of  Gray  Cast  Iron  by  Heat  Treatment.” 
Transactions,  American  Foundrymen’s  Society,  V.  57,  1949,  pp.  51-65. 

(31)  Timmons,  G.  A.  and  V.  A.  Crosby.  “Alloy  Additions  to  Gray  Cast  Iron” 
Foundry,  V.  69,  October  1941,  pp.  64-66,  145-147;  November,  pp.  62-63,  144-147. 

(32)  Private  communication,  W.  W.  Brown,  Carondelet  Foundry  Company  St 
Louis,  Missouri. 

(33)  Field,  M.  and  M.  Zlatin.  “Evaluation  of  Machinability  of  Rolled  Steels,  Forg- 
ings and  Cast  Irons.”  Machining,  Theory  and  Practice,  Cleveland  American 
Society  for  Metals,  1950,  pp.  341-376. 

(34)  Field,  M.  and^E.  E.  Strausburg.  “Effect  of  Microstructure  on  Machinability 
of  Cast  Iron.  Transactions,  American  Society  for  Mechanical  Engineers 
V.  69,  August  1947,  pp.  665-682. 

(35)  From  a survey  by  the  Gray  Iron  Founders’  Society  of  heat  treating  processes 
in  member  foundries. 

(36)  Green,  E.  F.  “Flame  Hardening  Now  Widely  Used  for  Surface  Hardening 
Steels  and  Irons.”  Materials  and  Methods,  V.  32,  August  1950,  pp.  56-59. 

IV.  HEAT  TREATMENT  FOR  IMPROVED  WEAR  RESISTANCE  AND  STRENGTH 

(37)  Day,  R.  O.  “Flame  Hardening  Cast  Iron.”  Steel  V.  106,  May  6 1940  pp  46-49- 

May  13,  1940,  p.  89.  ’ i ’ 

(38)  Foster,  J.  L.  “Flame  Hardening  Cast  Iron  Bearing  Rings.”  Metal  Progress 

V.  39,  April  1941,  pp.  438-439. 

(39)  Green,  E.  F.  “Flame  Hardening.”  Canadian  Metals,  V.  13,  July  1950,  pp.  32-35; 


(40)  Groenegress,  H.  W.  “Surface  Hardening  of  Gray  Iron  in  the  Machine  Tool 
Industry.”  (In  German)  VDI  Zeitschrift,  Verein  Deutscher  Ingenieure,  V.  85 
March  29,  1941,  pp.  317-318. 


411 


(41)  Groenegress,  H.  W.  “Flame  Hardening  of  Cast  Iron  Surfaces.”  (In  German) 
Stahl  und  Eisen,  V.  71,  March  1,  1951,  pp.  246-252. 

(42)  Anonymous.  “Flame  Hardening,  Practical  Application  to  Steel  and  Cast  Iron.” 
Iron  and  Steel,  V.  24,  March  1951,  pp.  107-110. 

(43)  Olmsted,  R.  H.  “Flame  Hardening  Cast  Iron.”  Foundry,  V.  74,  May  1946,  pp 
152-155;  284,  286. 

(44)  Bickford,  F.  H.  “Flame  Hardening  of  Meehanite.”  Iron  Age,  V.  145,  January 
11,  1940,  pp.  19-21;  January  18,  1940,  pp.  31-34. 

(45)  Hartley,  A.  L.  “Flame  Hardening  Standardization.”  Iron  Age,  V.  146;  October 
17,  1940,  pp.  25-34;  October  24,  1940,  pp.  34-38;  October  31,  1940,  pp.  34-43; 
November  7,  1940,  pp.  54-63;  November  14.  1940,  pp.  48-52. 

(46)  Sefing,  F.  G.  “Flame  Hardening  of  Cast  Iron.”  Iron  Age,  V.  144,  October  19 
1939,  pp.  43-49. 

(47)  de  Jessey,  M.  B.  “Surface  Hardening.”  Iron  and  Steel,  V.  18,  December  1945. 
pp.  667-668. 

(48)  Magrath,  J.  G.  “Oxy-Acetylene  Flame  Hardening.”  American  Machinist,  V.  85 
August  20,  1941,  pp.  804-806;  September  3,  1941,  pp.  849-851. 

(49)  Timmons,  G.  A.,  V.  A.  Crosby  and  A.  J.  Herzig.  “Some  Factors  Involved  in 
Hardening  and  Tempering  Gray  Cast  Iron.”  Transactions,  American  Foundry- 
men's  Association,  V.  47,  1939,  pp.  397-417. 

(50)  Abe,  P.  A.  “Flame  Hardened  Lathe  Beds.”  Metal  Progress,  V.  36,  July  1939. 
pp.  49-52. 

(51)  Obrebski,  J.  “Induction  and  Flame  Hardening  Simplified.”  American  Machin- 
ist, V.  95,  September  17,  1951,  pp.  136-137. 

(52)  Barry,  J.  J.  “Flame  Hardening  of  Large  Surfaces.”  Welding  Journal,  V.  30, 
February  1951,  pp.  111-116. 

(53)  deEulis,  J.  “Specific  Work  Areas  Surface  Hardened  by  Concentrated  Flame 
Methods.”  Steel,  V.  124,  April  11,  1949,  pp.  86-88. 

(54)  Garvin,  M.  “The  Development  of  Machines  for  Flame  Hardening.”  Report— 
The  Cincinnati  Milling  Machine  Company,  Cincinnati,  Ohio. 

(55)  Inskeep,  H.  V.  “New  Machines  for  Flame  Hardening.”  Steel  Processing,  V.  36 
February  1950,  pp.  91-96. 

(56)  Anonymous.  “The  Cincinnati  Flame  Hardening  Machine.”  (Booklet),  The 
Cincinnati  Milling  Machine  Company,  Cincinnati,  Ohio. 

(57)  Stedman,  G.  E.  “Output  of  Meehanite  Gears  Speeded  by  Special  Methods.” 
Product  Engineering,  V.  22,  July  1948,  pp.  44-47. 

(58)  Anonymous.  “The  Denver  Electronic  Universal  Flame  Hardener.”  (Booklet), 
The  Stearns-Roger  Manufacturing  Company,  Denver,  Colorado. 

(59)  Day,  R.  O.  and  R.  B.  Jewett  “Flame  Hardening  Cast  Iron.”  (Unpublished 
Report)  Newark,  New  Jersey;  The  Linde  Air  Products  Company,  1939. 

(60)  Bossert,  K.  “Hardening  of  Unalloyed  Gray  Iron  with  Oxy-Acetylene  Flame.” 
(In  German)  Giesserei,  V.  25,  April  8,  1938,  pp.  158-164. 

(61)  Anonymous.  “Oxy-Acetylene  Flame  Hardening.”  (Booklet) , New  York;  Air 
Reduction  Sales  Company,  1952. 

(62)  Howat,  J.  T.  “Oxy-Acetylene  Flame  Hardening  in  Commercial  Heat  Treat- 
ment.” Welding  Journal,  V.  28,  November  1949,  pp.  1043-1052;  see  also  Indus- 
trial Heating,  V.  17,  April  1950,  pp.  624-632,  696-702. 

(63)  Green,  E.  F.  “Flame  Hardening.”  Western  Machinery  and  Steel  World,  V.  41 
September  1950,  pp.  70-73,  95. 


412 


(64) 


Dayton,  R.  W.,  C.  H.  Lorig  and  R.  E.  Adams  “Wear  Resisting  Materials  for 
Lathe  Construction.”  Transactions,  American  Society  for  Mechanical  Engi- 
neers, V.  66,  April  1944,  pp.  199-204. 

(65)  Flinn,  R.  A.  and  R.  J.  Ely  “Gray  Iron  Hardenability  and  its  Relation  to  Air 
Quenching  of  Castings.”  Transactions,  American  Foundrymen’s  Society,  V.  56 
1948,  pp.  508-517. 

(66)  Whalen,  W.  D.  “Flame  Hardening  Machine  Tool  Parts.”  Welding  Journal, 
V.  27,  January  1948,  pp.  11-18. 

(67)  Hartley,  A.  L.  “Uses  of  Flame  Hardening  in  Machine  Tool  Production.” 
Welding  Journal,  V.  20,  October  1941,  pp.  678-686. 

(68)  Silver,  S.  H.  “Flame  Hardening  as  a Versatile  Production  Tool.”  Machinery, 
(New  York) , V.  57,  February  1951,  pp.  187-189. 

(69)  Harrelson,  O.  M.  “The  Metallographic  Constituents  of  Steel  and  Cast  Iron 
as  Affecting  Flame  Hardening.”  Welding  Journal,  V.  26,  September  1947,  pn 
771-775. 

(70)  Oberle,  T.  L.  “Hardness,  Elastic  Modulus,  Wear  of  Metals.”  Transactions, 
Society  of  Automotive  Engineers,  V.  6,  1952,  pp.  511-517. 

(71)  Burgess,  C.  O.  “Gray  Iron  as  a Die  Material.”  The  Tool  Engineer,  V.  22, 
April  1949,  pp.  26-28. 

(72)  Almen,  J.  O.  “Some  Needed  Precautions  When  Induction  and  Flame  Harden- 
ing.” Metal  Progress,  V.  46,  December  1944,  pp.  1263-1267. 

(73)  Anonymous.  “Ford  Camshafts  Flame  or  Induction  Hardened.”  Industrial 
Heating,  V.  18,  March  1951,  pp.  422,  424,  426,  428,  430,  554,  556. 

(74)  Anonymous.  “Chromium-Molybdenum  Cast  Iron  for  Drawing  and  Forming 
Dies.”  Foundry  Trade  Journal,  V.  64,  May  1,  1941,  p.  299. 

(75)  Walton,  C.  F.  and  H.  B.  Osborn,  Jr.  “Induction  Hardening  of  a Quality  Con- 
trolled Iron.”  Transactions,  American  Society  for  Metals,  V.  40  1948  dd 
1012-1026. 

(76)  Shitor,  M.  I.  “Hardening  of  Cast  Iron  Using  High  Frequency  Methods.” 
(In  Russian)  Stanki  i Instrument,  V.  19,  August  1948,  pp.  23-25  (English 
Translation,  British  Cast  Iron  Research  Association,  translation  411.) 

(77)  Brace,  P.  H.  “Induction  Heating  Circuits  and  Frequency  Generation.”  Induc- 
tion Heating  (book)  Cleveland;  American  Society  for  Metals,  1946,  pp.  36-58. 

(78)  Brown,  R.  J.  “Skin  Hardening  by  the  High  Frequency  Induction  Process.” 
Iron  and  Coal  Trades  Review,  V.  157,  July  9,  1948,  pp.  57-62. 

(79)  Osborn,  H.  B.  Jr.  “Important  Achievements  on  Induction  Heating — Frequen- 
cies up  to  10,000  cycles.”  Metal  Progress,  V.  48,  October  1945,  pp.  806-807. 

(80)  Seulen,  S.  and  H.  Voss.  “Surface  Hardening;  Induction  Heating  at  Medium 
Frequencies.”  Iron  and  Steel,  V.  18,  October  1945,  pp.  445-453,  466,  (Translated 
from  Stahl  und  Eisen,  December  23,  1943  and  December  30,  1943.) 

(81)  Cable,  J.  Wesley.  “Practical  Applications  of  High  Frequency  Induction  Heat- 
ing (100,000  cycles  and  up).”  Induction  Heating  (book),  Cleveland:  American 
Society  for  Metals,  1946,  pp.  101-134. 

(82)  Private  communication,  H.  W.  Osborn,  Jr.,  The  Ohio  Crankshaft  Co.,  Cleve- 
land, Ohio. 

(83)  Somes,  H.  E.  “Induction  Heat  Treatment  of  Internal  Surfaces  as  Applied  to 
Automotive  Industries.”  Transactions,  Society  of  Automotive  Engineers  V 54 
February  1946,  pp.  45-54,  63. 

(84)  Eagan,  T.  E.  “A  Comparison  of  Induction  Heating  with  Other  Methods  of 
Heat  Treatment.”  Induction  Heating  (book),  Cleveland;  American  Society 
for  Metals,  1946,  pp.  135-168. 


413 


(85)  Osborn,  H.  B.  Jr.  “Principles  and  Theory  of  High-Frequency  Heating.” 
Induction  Heating  (book),  Cleveland;  American  Society  for  Metals,  1946, 
pp.  1-35. 

(86)  Clauser,  M.  R.  “Induction  Hardening  Increases  Wear  Life  of  Cast  Iron  Parts.” 
Materials  and  Methods,  V.  29,  February  1949,  pp.  48-52. 

(87)  Sloan,  J.  R.  and  H.  R.  Hays  “Some  Factors  Affecting  the  Induction  Hardening 
of  Alloy  Cast  Iron.”  Transactions,  American  Society  for  Metals,  V.  40,  1948, 
pp.  1036-1069. 

(88)  Johnson,  W.  G.  “Practical  Applications  of  the  Motor-Generator  Type  of 
Induction  Heating  (Frequencies  up  to  10,000  Cycles) .”  Induction  Heating, 
(book)  Cleveland;  American  Society  for  Metals,  1946,  pp.  59-100. 

(89)  Peters,  F.  P.  and  E.  F.  Cone.  “Induction  Hardened  Cylinder  Bores.”  Metals 
and  Alloys,  V.  13,  June  1941,  pp.  713-722. 

(90)  Vaughn,  F.  F.  “Induction  Hardening  as  Applied  to  Farm  Machinery.” 
Transactions,  Society  of  Automotive  Engineers,  V.  54,  January  1946,  pp.  38-44. 

(91)  Private  Communication,  G.  C.  Riegel,  Caterpillar  Tractor  Company. 

(92)  Private  Communication,  H.  V.  Inskeep,  Linde  Air  Products  Company. 

(93)  Horger,  O.  J.  “Flame  Strengthening”  Sec.  U,  A.S.M.E.  Metals  Engineering 
Handbook. 

(94)  Private  Communication,  G.  Vennerholm,  Ford  Motor  Company. 

(95)  Private  Communication,  T.  E.  Eagan,  Cooper-Bessemer  Corp. 

(96)  Private  Communication,  H.  B.  Osborn,  The  Ohio  Crankshaft  Company. 

(97)  Private  Communication,  J.  Obrebski,  The  Monarch  Machine  Tool  Company. 

(98)  Private  Communication,  C.  F.  Walton,  Case  Institute  of  Technology. 

(99)  Hurst,  J.  E.  “A  Study  on  the  Influence  of  Manganese  on  the  Hardening  and 
Tempering  of  Cast  Iron.”  Foundry  Trade  Journal,  V.  58,  June  30,  1938,  pp. 
545-548. 

(100)  Norbury,  A.  L.  and  Morgan,  E.  “Chromium-Silicon  Cast  Iron.”  Foundry  Trade 
Journal,  V.  62,  February  15,  1940,  pp.  137-141;  Iron  Age,  V.  145,  June  13,  1940, 
p.  29. 

(101)  Ballay.  M.  “Contribution  to  Study  of  Martensitic  Quenching  of  Alloy  Cast 
Irons.”  Transactions,  American  Foundrymen’s  Association,  V.  40,  1932,  pp.  1-15. 

(102)  Coyle,  F.  B.  “Heat  Treatment  Fundamentals  of  Plain  and  Alloy  Cast  Iron.” 
Metals  <fc  Alloys,  V.  2,  September  1931,  pp.  120-132. 

(103)  Boyles,  A.  “Some  Principles  Involved  in  Heat  Treatment  of  Gray  Cast  Iron.” 
Transactions,  American  Foundrymen’s  Society,  V.  56,  1948,  pp.  462-472. 

(104)  Darling,  C.  S.  “Applications  of  New  Cast  Irons.”  Mechanical  World,  V.  113, 
March  26,  1943,  pp.  334-337,  April  2,  1943,  pp.  354-357,  April  9,  1943,  pp.  393-396. 

(105)  Eagan,  T.  E.  “Distortion  in  Heat  Treatment  of  Meehanite  Metal.”  Foundry 
Trade  Journal,  V.  63,  October  31,  1940,  pp.  281-282. 

(106)  Glaser,  O.  “Contributions  to  Cast  Iron  Heat  Treatment.”  (In  German), 
Giesserei,  V.  26,  September  8,  1939,  pp.  466-467. 

(107)  Hurst,  J.  E.  “Oil  Hardening  and  Air  Hardening  Cast  Iron.”  Foundry  Trade 
Journal,  V.  43,  December  4,  1930,  pp.  385-386,  395. 

(108)  Nagler,  C.  A.  and  Dowdell,  R.  L.  “Heat  Treatment  of  Cast  Iron.”  Transactions, 
American  Foundrymen’s  Association,  V.  49,  1941,  pp.  361-382. 

(109)  Piwowarsky,  E.  and  Sohnchen,  H.  “The  Heat  Treatment  of  Cast  Iron.”  (In 
German) , Giesserei,  V.  24,  February  26,  1937,  pp.  97-106. 


414 


(110)  Austin,  C.  R.  and  Lipnick,  M.  M.  “Heat  Treatment  Effect  on  the  Torsion 
Impact  Properties  of  Meehanite.”  Iron  Age,  V.  152,  October  7,  1943,  pp.  54-55. 

(111)  Eagan,  T.  E.  “Effect  on  Heat  Treatment  on  the  Endurance  Limit  of  Alloyed 
Gray  Cast  Iron.”  American  Foundryman,  V.  8,  December  1945,  pp.  44-53; 
Foundry  Trade  Journal,  V.  78,  April  4,  1946,  pp.  361-365. 

(112)  Fleischer,  F.  “The  Heat  Treatment  of  Gray  Iron.”  (In  German) , Giesserei, 
V.  27,  August  23,  1940,  pp.  317-321. 

(113)  Hurst,  J.  E.  “Experiments  with  Nickel-Chromium  Wear  Resisting  Cast  Iron 
Alloys.”  Metallurgia,  V.  20,  May  1939,  pp.  1-4. 

(114)  Bardenheuer,  P.  and  Broehl,  W.  “The  Structure  and  Mechanical  Properties 
of  Heat  Treated  Cast  Irons.”  (In  German),  Mitt,  Kaiser-Wilhelm  Institut 
Fur  Eisen-Forschung,  V.  20,  #11,  1938,  pp.  135-146. 

(115)  Coyle,  F.  B.  “American  Progress  in  the  Use  of  Cast  Iron.”  Foundry  Trade 
Journal,  V.  49,  July  6,  1933,  pp.  7-11. 

(116)  Lahr,  G.  M.  “Conventional  vs.  Salt  Bath  Hardening  of  Cast  Iron  Cylinder 
Liners.”  Transactions,  American  Foundrymen’s  Society,  V.  56,  1948,  pp. 
536-542. 

(117)  Phillips,  G.  P.  “Hardened  Gray  Iron.”  Foundry,  V.  80,  January  1952,  pp. 
88-95,  222,  224,  226,  228;  February  1952,  pp.  106-111. 

(118)  Ballay,  M.  and  Chavy,  R.  "Some  Applications  of  Heat  Treated  Cast  Iron  in 
France.”  Foundry  Trade  Journal,  V.  54,  June  18,  1936,  pp.  485-486. 

(119)  McCloud,  J.  L.  “Stamping  Automobile  Parts  of  Stainless  Sheet.”  Metal 
Progress,  V.  24,  November  1933,  pp.  23-26. 

(120)  Ludwig,  D.  V.  “Salvage  of  Cast  Iron  Through  Heat  Treatment.”  Materials 
& Methods,  V.  26,  November  1947,  pp.  87-89. 

(121)  Hilliker,  C.  R.  and  Cohen,  M.  “Isothermal  Transformation  of  Austenite  in 
Cast  Iron.”  Iron  Age,  V.  147,  February  13,  1941,  pp.  43-46. 

(122)  Murphy,  D.  W.,  Wood,  W.  P.,  and  D'Amico,  C.  D.  “Austenite  Transformation 
in  Gray  Iron.”  Transactions,  American  Foundrymen’s  Association,  V.  46,  1938, 
pp.  563-586. 

(123)  Ohly,  C.  W.  “Austempered  Cast  Iron  Serves  as  Cylinder  Liners.”  Materials 
and  Methods,  V.  35,  May  1947,  pp.  89-91. 

(124)  Armstrong,  A.  A.  “Hardening  of  Cast  Iron  with  Minimum  Distortion.” 
Transactions,  American  Foundrymen’s  Association,  V.  61,  1953,  pp.  654-656. 

(125)  Ipatov,  B.  K.  “Effect  of  Chemical  Elements  on  Isothermal  Decomposition  of 
Austenite  in  Cast  Iron  for  Piston  Rings.”  (In  Russian),  Vestnik  Machinos- 
troeniya,  V.  25,  1945,  pp.  55-61.  See  also:  Chemical  Abstracts,  V.  40,  1946, 
p.  4997. 

(126)  Herrington,  C.  E.  “The  Vital  Component— Good  Castings.”  Western  Machinery 
and  Steel  World,  V.  38,  October  1947,  pp.  80-85. 

(127)  Nagler,  C.  and  Dowdell,  R.  L.  “Isothermal  Transformation  of  Molybdenum 
Cast  Iron.”  Transactions,  American  Foundrymen’s  Association,  V.  55,  1947, 
pp.  260-275. 

APPENDICES  I AND  II 

(128)  Burns,  J.  L„  Moore,  T.  L.,  and  Archer,  R.  S.  “Quantitive  Hardenability” 
Transactions,  American  Society  for  Metals,  V.  26,  1938,  pp.  1-36. 

(129)  Hafsten,  R.  J.  “Metallurgy  of  the  Gray  Iron  Matrix.”  Iron  Age,  V.  153,  June 
22,  1944,  pp.  48-51. 

(130)  A.S.TM.  Standards,  "Tentative  Method  of  End-Quench  Test  for  Harden- 
ability of  Steel.”  A.S.T.M.  Designation  A255-48T,  Rev.  1948. 

415 


CHAPTER  SEVEN:  WELDING, 
JOINING  AND  CUTTING  OF  GRAY  IRON 


INTRODUCTION 

This  discussion  is  limited  to  elevated  temperature  methods  of  welding, 
joining  and  cutting  gray  iron.  Standard  joining  methods  involving 
bolting,  threaded  joints  and  other  fastening  methods  are  omitted  as 
gray  iron  in  this  regard  presents  no  special  problems  as  compared  to 
other  metallic  materials.  In  fact,  such  joining  operations  are  normally 
simplified  because  of  gray  iron’s  ready  machinability  and  the  ability  to 
cast  to  size,  core  out  bolt  holes,  etc.  Similarly,  room  temperature  cut- 
ting by  saws,  shapers,  etc.,  is  omitted  since  the  properties  of  gray  iron 
are  again  such  as  to  simplify  such  severing  operations. 

Gray  iron  and  gray  iron  castings  can  be  successfully  welded  if  cer- 
tain simple  but  essential  practices  are  employed.  Such  a statement 
would  appear  obvious  if  for  many  years  it  had  not  been  believed  that 
there  were  no  suitable  methods  of  welding  gray  iron  castings,  and 
broken  castings  were  frequently  discarded  without  any  attempt  at 
salvage.  The  use  of  assemblies  fabricated  from  welded  castings  was 
not  even  considered.  As  a result  of  this  belief  gray  iron  was  replaced 
in  certain  types  of  construction  by  other  materials,  which,  although 
less  suited  to  the  application  from  other  points  of  view,  could  be  easily 
welded  by  known  processes. 

Delay  in  developing  welding  techniques  peculiarly  suited  to  gray 
iron  was  partly  due  to  the  fact  that  in  a large  number  of  applications 
the  use  of  gray  iron  eliminates  all  need  for  weldments.  The  flexibility 
inherent  in  the  casting  process,  particularly  when  this  is  combined 
with  the  ready  castability  and  ultimate  economy  peculiar  to  gray  iron, 
very  often  renders  a single  integral  gray  iron  casting  preferable  to  a 
weldment.  Welding  was  thus  largely  confined  to  a repair  or  mainte- 
nance operation,  and  a large  proportion  of  gray  iron  welding  is  still 
done  in  this  field. 

Outside  of  such  operations  there  are,  however,  two  main  cases  in 
which  joining  of  castings  by  welding  may  be  desirable:  (1)  if  the 
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requirements  of  the  part  necessitate  the  use  of  another  metal  in 
integral  combination  with  gray  iron,  and  (2)  if  the  design  of  the  struc- 
ture is  extremely  intricate,  so  that  casting  in  one  piece  presents 
problems  to  the  foundryman  which  cannot  be  solved  economically 
even  by  the  use  of  good  foundry  practice.  It  should  be  emphasized 
that  such  cases  as  the  latter  are  not  common  but  do  exist.  There  is  no 
question  that  castings  of  extreme  intricacy  can  be  produced  by  the 
foundry  with  consistency  by  the  use  of  proper  gating,  coring  and 
risering.  However,  cost  of  cleaning  out  inaccessible  cored  cavities,  etc. 
occasionally  overbalances  the  inherent  advantages  of  integral  cast 
construction. 

As  mentioned  before,  until  recent  times  it  has  been  the  custom  of 
designers,  whenever  either  of  these  difficulties  has  been  encountered, 
to  abandon  gray  iron  and  substitute  another  material  considered  as 
more  weldable.  This  prejudice  against  the  use  of  gray  iron  in  fabrica- 
ted assemblies  is  no  longer  justified.  Recent  progress  in  joining  tech- 
nique has  demonstrated  that,  with  proper  precautions,  gray  iron  cast- 
ings can  be  satisfactorily  welded  or  joined  to  other  metals  and  to  other 
castings.  It  is  true  that  these  approved  welding  procedures  generally 
require  skill,  special  rods  or  preheating,  and  to  that  degree  may  be 
more  expensive  to  apply  in  the  case  of  gray  iron  than  in  the  case  of 
mild  steel ; nevertheless,  ultimate  economy  frequently  results  from  the 
use  of  an  inexpensive  base  material,  and  more  important,  from  the 
improvement  of  the  final  product  resulting  from  the  ability  of  the 
designer  to  freely  employ  the  valuable  qualities  of  gray  iron  where- 
ever  they  are  needed. 


As  already  noted,  interest  in  welding  gray  iron  arose  originally 
from  the  desire  to  repair  castings  which  failed  in  service  or  to  correct 
imperfections  in  new  castings  produced  in  the  foundry.  This  is  still 
largely  the  case,  and  most  of  the  available  information  herein  con- 
tained is  based  on  repair  welding.  However,  some  improved,  older 
processes,  as  well  as  newer  procedures,  notably  braze  welding  with 
bronze  and  nickel  filler  metal  and  brazing  with  silver  alloys,  have 
been  recently  used  in  fabrication.  As  a result  of  the  present  develop- 
ment of  new  processes  and  the  increased  understanding  of  processes 
already  in  use,  employment  of  gray  iron  in  welded  assemblies  is  ex- 
panding. 
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I.  GENERAL  CONSIDERATIONS  IN  WELDING  GRAY  IRON 

By  the  employment  of  certain  simple  but  essential  practices,  it  is 
possible  to  weld  gray  iron  and  gray  iron  castings  successfully.  The 
lack  of  success  encountered  by  many  operators  in  their  attempts  to 
weld  gray  iron  has,  in  general,  resulted  from  their  efforts  to  apply  to 
that  material  the  methods  developed  for  the  welding  of  mild  steel. 
Because  of  insufficient  appreciation  of  the  differences  in  structure 
and  properties  between  these  two  materials,  these  attempts  have,  on 
occasion,  resulted  in  poor  welds  and,  in  some  cases,  cracking  or  frac- 
turing of  castings. 

Two  of  the  distinguishing  characteristics  of  gray  iron  are  its 
rigidity  and  its  high  carbon  content,  and  it  is  precisely  these  charac- 
teristics which  need  to  be  considered  in  the  welding  of  gray  iron.  For 
example,  if  one  section  of  a casting  is  heated  to  the  welding  tempera- 
ture, in  common  with  all  ferrous  materials,  it  will  expand  beyond  its 
normal  length.  This  causes  no  trouble  if  the  design  is  such  as  to  permit 
free  expansion.  However,  if  a closed  or  rigid  construction  exists,  con- 
siderable stress  will  develop  in  other  cooler  sections  of  the  casting. 
Thus,  if  a casting,  or,  in  fact,  any  metal  part,  shaped  like  the  letter 
“A”  is  heated  at  the  crossbar,  this  section  of  the  casting  will  expand, 
putting  considerable  stress  on  the  apex  of  the  A.  If  this  induced  strain 
is  greater  than  the  tensile  strength  of  the  iron,  a fracture  will  occur 
at  the  apex  (or  more  probably,  since  the  apex  would  be  reinforced, 
at  a point  on  one  of  the  legs  just  below  the  apex).  Once  this  danger  of 
breaking  is  understood,  suitable  steps  can  be  taken  to  prevent  it.  For 
example,  preheating  either  the  entire  casting  to  a moderate  tempera- 
ture or  those  sections  which  will  be  subject  to  stress  will  both  insure 
uniform  expansion  of  the  casting,  so  that  the  expansion  of  the  welded 
part  will  be  largely  compensated  for  by  the  expansion  of  the  parts 
which  might  be  under  stress,  and  permit  some  movement  of  such 
stressed  sections. 

The  high  carbon  content  of  gray  iron  and  the  fact  that  the  greater 
portion  of  the  total  carbon  should  be  present  as  graphite  flakes  in  the 
finished  weld,  also  influence  welding  operations.  Graphite  flakes  give 
gray  iron  some  of  its  most  valuable  properties,  such  as  wear  resist- 
ance, damping  capacity,  high  compressive  strength,  resistance  to 
notch  sensitivity  or  warpage,  and,  in  particular,  excellent  machin- 
ability.  To  retain  these  valuable  properties,  the  use  of  preheating  in 
arc  welding  or  other  fusion  methods,  where  cooling  rate  of  the  weld 
cannot  be  as  readily  controlled  as  in  gas  welding,  is  advisable.  If  an 
iron  of  high  carbon  content  is  very  rapidly  cooled  from  the  molten 
state,  such  as  may  occur  in  arc  welding,  the  carbon  does  not  have 
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time  to  separate  out  in  the  form  of  graphite  flakes,  but  is  largely  or 
entirely  retained  as  cementite,  a compound  of  iron  and  carbon.  An  iron 
containing  a relatively  large  percentage  of  cementite  has  either  a 
mottled  or  white  fracture,  and  is,  therefore,  called  mottled  or  white 
iron.  White  iron,  although  very  hard  and  sometimes  deliberately 
produced  by  chilling  a gray  iron  casting  for  wear  resistant  purposes, 
is  comparatively  brittle  and  practically  unmachinable.  For  this  reason, 
if  the  molten  weld  metal  or  metal  adjacent  to  the  weld  is  allowed  to 
cool  too  quickly,  the  resultant  weld  will  have  a brittle  structure  (the 
cooling  stresses  may  even  be  sufficient  to  cause  fracture),  and  it  will 
be  very  difficult  to  machine.  If  steel  welding  rods  are  employed,  this 
condition  may  be  aggravated  by  dilution  of  the  base  gray  iron.  In 
addition,  under  certain  arc  welding  conditions  where  very  rapid  heat 
extraction  takes  place,  a narrow,  hard,  martensitic  zone  may  exist 
in  the  weld  or  adjacent  area  (heat  affected  zone)  such  as  may  be 
encountered  under  similar  welding  conditions  with  a medium  or 
high  carbon  steel. 

There  are  two  general  solutions  to  these  problems:  (1)  A pre- 
heat and/ or  postheat  may  be  employed.  In  the  preheating,  the  en- 
tire casting  or  a localized  zone  adjacent  to  the  weld  are  brought  to 
a high  temperature,  so  that  the  mass  of  cold  metal  behind  the  weld 
will  not  rapidly  abstract  heat  and  have  the  above  indicated  chilling 
effect.  A postheat,  always  followed  by  slow  cooling,  may  be  employed 
to  relieve  any  residual  stresses  left  from  the  welding  operation.  After 
welding,  it  is  desirable  to  cover  the  casting  with  asbestos  paper,  bury 
it  in  sand,  cool  in  a furnace  or  in  some  other  way  insure  that  it  is  kept 
from  drafts  and  allowed  to  cool  slowly.  Very  often  under  such  circum- 
stances, sufficient  residual  heat  will  be  left  to  eliminate  the  necessity 
of  postheat,  but  in  some  cases  where  very  accurate  dimensions  must 
be  maintained,  postheat  is  still  advised.  (2)  The  other  method  of 
avoiding  the  formation  of  white  iron  or  martensite  is  to  keep  the  weld 
and  adjacent  metal  as  cool  as  possible  during  fusion,  usually  by  the 
use  of  non-ferrous  electrodes  of  lower  melting  point  than  gray  iron 
and/or  by  welding  slowly,  allowing  each  deposit  to  cool  before  deposit- 
ing any  more  metal.  If  possible,  these  devices  should  be  combined. 

If  the  welds  are  to  be  gray  in  structure,  it  should  be  recalled  that 
the  formation  of  graphite  flakes  depends  to  a large  extent  on  the 
presence  of  adequate  silicon  in  gray  iron  as  well  as  the  above  delayed 
cooling.  Some  silicon  is  burned  out  of  the  iron  at  the  high  temperatures 
of  fusion  welding..  In  order  to  maintain  a sufficient  quantity  of  silicon 
to  insure  the  formation  of  gray  iron,  gray  iron  electrodes  or  welding 
rods  are  normally  selected  that  contain  enough  silicon  to  replace  that 
oxidized  during  the  welding  process. 
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II.  GAS  WELDING 

In  gas  welding  the  heat  necessary  to  complete  the  welding  process  is 
supplied  by  the  combustion  of  fuel  gas  with  oxygen.  In  almost  every 
case  the  gas  used  is  a mixture  of  oxygen  and  acetylene,  and  the  pro- 
cess is  called  oxy-acetylene  welding. 

There  are  certain  advantages  of  the  oxy-acetylene  process  which 
render  it  particularly  valuable  for  the  welding  of  gray  iron.  The  most 
important  of  these  advantages  is  the  ability  to  control  the  heat  input. 
By  careful  manipulation  of  the  torch,  the  metal  can  be  kept  within  a 
fairly  narrow  temperature  range,  thus  minimizing  the  danger  of 
superheating  and  consequent  run-off  of  metal.  Furthermore,  the  torch 
may,  in  many  cases,  be  used  to  preheat  and  postheat  the  weld,  so  that 
a minimum  of  auxiliary  equipment  is  necessary.  If  the  process  is  one 
such  as  braze  welding,  in  which  the  base  metal  should  not  be  melted  to 
any  appreciable  degree,  oxy-acetylene  welding  can  insure  a low  enough 
temperature  to  prevent  the  base  metal  fusion. 

On  the  other  hand,  it  should  be  noted  that  the  process  is  somewhat 
slower  than  arc  welding  and  consequently  may  involve  an  increased 
labor  cost.  Furthermore,  although  the  temperature  can  be  more  care- 
fully controlled,  and  local  preheating  is  possible  in  gas  welding,  the 
heat  is  less  concentrated  and  more  heating  and  overall  expansion  of 
the  surrounding  area  may  take  place,  so  that  preheating  of  large 
casting  sections  may  often  be  more  necessary  to  minimize  the  danger 
of  cracking  from  stresses  induced  by  thermal  expansion. 

Any  disadvantages  of  oxy-acetylene  welding,  however,  are  more 
than  offset  by  its  advantages  to  the  extent  that,  despite  the  recent 
development  of  nickel  and  nickel-base  electrodes  for  arc  welding,  gas 
welding  is  generally  considered  the  most  foolproof  method  of  joining 
gray  iron  from  the  standpoint  of  strength,  machinability  and  uni- 
formity of  results. 

a.  Oxy-acetylene  Welding  with  a Gray  Iron  Welding  Rod  . . . The  use 
of  a gray  iron  welding  rod  in  oxy-acetylene  welding  insures  a deposit 
of  the  same  color,  composition  and  structure  as  the  base  metal.  The 
bond,  if  the  weld  is  properly  made,  will  be  as  strong  as  the  original 
casting.  The  process  is  less  expensive  than  braze  welding,  and,  unlike 
braze  welding,  can  be  applied  to  castings  which  are  to  be  enameled. 
If  special  precautions  are  taken,  it  can  also  be  applied  in  some  cases  to 
castings  which  have  been  oil-soaked  or  exposed  to  heat.  It  is  the 
process  which  insures  the  greatest  success  in  the  welding  of  gray  iron. 

Castings  to  be  welded  must  first  be  “veed”  to  an  angle  of  60°-90°. 
The  vee  should  not  extend  completely  through  the  casting  or  sections 
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to  be  assembled  because  such  a vee  would  make  the  pieces  difficult 
to  align  and  would  possibly  result  in  melting  through  the  entire  sec- 
tion*1). If  this  precaution  is  not  taken,  a graphite  backing  plate  may 
be  found  desirable. 

On  small  castings  the  vee  should  be  made  with  a grinding  wheel. 
If  the  section  is  greater  than  one  inch  in  thickness,  a cutting  torch 
may  be  used.  For  repair  welding  a pneumatic  chipping  hammer  may 
be  employed.  In  such  cases,  only  rough  chipping  should  be  done  and 
the  vee  finished  by  grinding,  since  chipping  tends  to  partially  cover 
up  defects*2).  If  a crack  is  already  present  in  a casting,  it  is  common 
to  prevent  its  propagation  by  drilling  a hole  at  each  end  of  the  crack 
and  locally  preheating. 

Next  the  casting  must  be  preheated  as  a whole  or  locally  in  critical 
sections  if  a closed  or  rigid  construction  is  involved.  In  the  majority 
of  cases  this  involves  preheating  the  entire  casting  to  800°-1050°  F. 
or  to  as  high  as  1250°  F.  in  the  case  of  alloy  castings.  The  usual  pre- 
heat should  not  exceed  a temperature  of  50°  F.  below  the  critical 
point*2).  However,  in  certain  special  instances,  such  as  in  the  case  of 
diesel  cylinder  heads,  a preheat  of  1400 0 F.  has  been  recommended  < 24 ) . 
The  preheat  not  only  equalizes  expansion  and  contraction  stresses 
and,  as  previously  described,  insures  the  machinability  of  the  final 
weld,  but  it  also  enables  the  weld  to  be  made  much  more  rapidly,  thus 
resulting  in  substantial  savings  of  labor  and  gas*1).  If  the  casting 
does  not  exceed  about  25  pounds  in  weight,  preheating  is  generally 
done  with  the  torch.  Otherwise,  it  is  more  economical  to  employ  a 
charcoal  fire  or  a furnace.  Induction  heating  has  also  been  used*19). 

As  indicated  above,  simply  a local  preheat,  with  the  torch,  of  the  vee 
and  the  surrounding  metal  may  be  used  on  welding  small  castings, 
or  on  non-critical  parts,  corners,  curved  sections,  etc.  of  large  cast- 
ings*3). In  this  later  case,  however,  it  is  still  advisable  to  preheat  the 
entire  casting  to  approximately  500°-600°  F.  *4>. 

The  rod  used  in  welding  gray  iron  should  have  a composition  high 
in  carbon  and  silicon,  since  the  heat  of  the  torch  will  burn  out  a 
portion  of  these  two  elements  in  the  final  weld.  Two  recommended 
rod  compositions  are  as  follows : No.  1 is  designed  for  positions  where 
a more  fluid  metal  is  desired;  No.  2 is  suitable  for  build-ups*15). 


No.  1 

C —3.20  — 3.70% 
Si  —2.70  — 3.50% 
P — 0.50  — 0.75% 
Mn  — 0.50  — 0.75% 
S — 0.12  max. 


No.  2 

C —3.20  — 3.70% 
Si  —2.75  — 3.50% 
P — 0.55  max. 

Mn  — 0.50  — 0.75% 
S — 0.12  max. 
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If  an  alloy  gray  iron  is  being  welded,  or  if  a very  strong,  dense  weld 
is  desired,  an  alloy  rod  may  be  used.  Many  rod  compositions  have  been 
suggested  containing  chromium,  nickel,  molybdenum,  copper  or  vana- 
dium either  singly  or  in  combination.  The  final  selection  usually  de- 
pends, in  addition  to  strength,  on  welding  characteristics,  resistance 
to  excessive  hardening,  and,  of  course,  cost  considerations.  Typical 
compositions  ( 5 ) ( 53 ) of  high  strength  alloy  rods  are : 


C — 3.30%  max. 

Si  — 1.75%  max. 

Mn  — 0.50  — 0.757c 
S — 0.10%  max. 

P — 0.25%  max. 

Cr  —0.25  — 0.607c 
Ni  — 1.50  min. 

Mo  — 0.25  — 0.607c 

The  oxy-acetylene  flame  used 
for  the  fusion  welding  of  gray 
iron  should  be  neutral ( 1 > , al- 
though some  authorities  recom- 
mend occasional  use  of  a slight 
excess  of  acetylene  where  carbon 
burn-out  in  the  welding  opera- 
tion is  a factor <4).  The  welding 
tip  should  of  the  high  velocity 
type  with  a concentrated  flame 
pattern* 50  >. 

A flux  is  always  required  for 
gray  iron  welding.  The  purpose 
of  the  flux  is  to  increase  the  flu- 
idity of  the  otherwise  difficultly 
fusible  iron-silicate  slag  that 
forms  on  the  molten  puddle*1*. 
These  fluxes  usually  consist 
mainly  of  borates  or  boric  acid 
and  soda  ash  with  small  amounts 
of  sodium  chloride,  ammonium 
sulphate,  iron  oxide,  etc.  One  flux 
that  has  been  used  successfully  in 
a large  automotive  foundry  con- 
sists of  411/2%  boric  acid,  41 14% 


C — 2.90  — 3.207o 
Si  —2.75  — 3.257c 
Mn  — 0.70  — 0.90% 
S — 0.10%  max. 

P — 0.30%  max. 

V — 0.15  — 0.257o 


Fig.  1.  Production  welding  of  gray 
iron  pipe  to  gray  iron  casting  using 
gray  iron  filler  rod. 


soda  ash,  2%  ammonium  sulphate,  and  15%  powdered  iron*3*.  The 
greater  percentage  of  the  fluxes  used  for  gray  iron  welding,  however, 
are  proprietary. 
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Some  idea  of  typical  filler  rod  diameters  and  welding  tip  orifice 
sizes  can  be  gained  from  the  following  table  representing  the  standard 
practice  at  one  captive  foundry : 


Material  Thickness 

Filler  Rod 

Tip  Size 

Use  Tip  Consuming  This  Volume 
of  Acetylene,  Cubic  Feet 
per  Hour 

ti"  dia.  max. 

15  — 30 

%e"  dia.  max. 

30  — 60 

Over  %" 

%"  dia.  max.  0) 

60  — 110 

After  the  vee  has  been  prepared  and  the  casting  preheated,  the 
torch  is  run  over  the  weld  and  an  area  one  inch  around  the  weld  until 
the  entire  area  is  a dull  red.  Then  the  flame  is  directed  at  the  bottom 
of  the  vee,  keeping  the  tip  of  the  cone  Vs  to  1/4"  from  the  metal,  until 
a molten  puddle  approximately  one  inch  long  has  been  formed.  Then 
the  flame  is  gradually  moved  from  side  to  side  until  the  edges  of  the 
vee  begin  to  melt  down  into  the  puddle ( 1 > . 

The  tip  of  the  rod  is  next  heated  in  the  flame  and  dipped  in  flux.  The 

rod  is  introduced  into  the  puddle  and  the  flame  directed  on  the  rod. 

If  the  flame  is  directed  on  the  molten  puddle,  porosity  will  usually 

result* 6 K The  welder  should  also  avoid  holding  the  rod  above  the 

puddle  and  allowing  drops  of  molten  metal  to  fall  into  the  puddle  < 1 > . 

• 

Both  the  backhand  and  the  forehand  techniques  have  been  recom- 
mended for  welding  gray  iron.  The  backhand  technique,  in  which  the 
torch  directed  back  towards  the  welding  rod  leads  the  progression 
of  the  weld,  is  said  to  insure  penetration  and,  since  the  operator  keeps 
the  flame  directed  back  on  the  weld  metal  and  rod,  to  enable  more 
careful  temperature  control (1)  (55).  On  the  other  hand,  many  experi- 
enced welders  prefer  the  forehand  technique,  in  which  the  rod  is 
pointed  back  towards  the  torch  and  leads  the  progression  of  the  weld. 
This  is  said  by  its  proponents  to  be  a more  rapid  method  and  to  enable 
more  successful  working  out  of  oxide  and  slag  inclusions ( 24  > *65>. 
In  both  methods  the  sides  of  the  vee  are  melted  ahead  of  the  advancing 
puddle,  the  final  choice  of  method  evidently  depending  on  the  technique 
with  which  a particular  welder  is  most  familiar.  No  layer  should  be 
greater  than  %"  thick.  This  requirement  is  usually  accomplished  by 
step  or  increment-  welding,  in  which  advancing  layers  of  weld  metal 
are  deposited  in  a progressive  series  of  one-inch  long  steps.  Enough 
reinforcement  is  employed  on  the  final  weld  to  allow  for  surface 
finishing. 
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Fig.  3.  Oxy-acetylene  welding  of 
a large  gray  iron  gear  using  a 
gray  iron  welding  rod. 


Fig.  2.  Welding  gray  iron 
test  coupons,  showing  the 
proper  use  of  the  forehand 
technique  for  gray  iron. 


While  making  the  weld,  and  after  the  weld  is  completed,  it  is 
advisable  to  run  the  flame  back  over  the  previously  deposited  metal  < 7 > . 
This  is  normally  sufficient  to  relieve  residual  stresses,  although  in 


Fig.  4.  Broken  gray  iron  wheel. 


Fig.  5.  Wheel  in  Fig.  4 repaired  by 
oxy-acetylene  welding  with  gray  iron 
rod. 

3 
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the  case  of  rigid  structures  requiring  extensive  machining  operations, 
stress  relieving  at  the  preheat  temperature  is  advisable  as  a safety 
precaution < 5 > <8>  <24>.  In  any  case,  it  is  recommended  that  the  casting 
be  allowed  to  cool  slowly,  by  covering  with  asbestos,  burying  in  sand, 
or  in  a furnace  to  around  550°  F.  <3>  or  below  if  possible. 

If  the  above  procedure  is  followed,  a strong,  homogeneous,  machin- 
able weld  is  formed  that  will  be  similar  in  properties  to  the  parent 
metal. 


Fig-.  6.  A 48'  long  6"  pipe  made  by  oxy-acetylene  welding  of  three  16'  lengths 
using  a gray  iron  filler  rod. 


b.  Oxy-acetylene  Braze  Welding  . . . The  use  of  a bronze  or  more 
accurately  a copper-zinc  filler  rod  with  the  oxy-acetylene  torch  for  the 
welding  of  gray  iron  presents  certain  advantages  which  make  it 
definitely  a competitive  process  to  welding  with  a gray  iron  welding 
rod  for  weldments  not  subject  to  electrolytic  corrosion  or  high  tem- 
perature service.  These  advantages  are  largely  in  the  direction  of 
simplification.  For  example,  if  preheating  is  employed  at  all  in  braze 
welding,  it  can  be  done  at  substantially  lower  temperatures,  and  the 
welding  process  itself  is  conducted  more  rapidly,  resulting  in  savings 
in  gas  and  labor  which  balance  to  some  extent  the  higher  cost  of  the 
bronze  rods.  The  base  metal  is  not  appreciably  melted  in  braze  welding, 
with  consequent  reduced  danger  of  warpage.  Because  of  the  lower 
melting  temperatures  of  the  nonferrous  welding  rods  used,  heat- 
treated  parts,  except  at  the  immediate  weld  area,  are  often  unaffected 
by  braze  welding.  Large  castings  can  frequently  be  welded  in  position 
by  this  process  because  of  the  elimination  of  a preheat.  A careful 
welder  can  take  advantage  of  the  low  elastic  modulus  of  bronze  at 
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high  temperatures  to  minimize  residual  stress  and  warpage.  If  chilled 
or  mottled  iron  areas  are  already  present  in  a casting,  it  should  also 
be  mentioned  that  braze  welding  presents  the  most  successful  method 
to  date  of  joining  white  iron. 

There  are,  of  course,  limitations  to  the  process.  Badly  oil  soaked  or 
oxidized  castings  are  often  impossible  to  braze  weld,  and,  in  general, 
cleaning  must  be  more  thorough  than  for  other  welding  methods. 
However,  a considerable  amount  of  oil  can  be  removed  in  normal 
welding  or  brazing.  If  a color  match  is  desirable,  braze  welding  can 
normally  not  be  used  although  a nickel-brass  rod  with  a color  closely 
approximating  that  of  ferrous  metals  has  been  recently  developed. 
The  tensile  strength  of  the  weld  decreases  at  temperatures  above 
500°  F.,  and  it  is  impossible  to  enamel  welds  made  by  braze  welding. 
Bronze  shrinks  to  a greater  degree  than  iron,  and  designs  should  be 
watched  to  be  sure  excessive  stresses  are  not  imposed,  particularly 
if  one  of  the  lower  strength  gray  irons  is  employed.  The  bronze  weld 
metal  will  react  with  certain  chemicals,  such  as  ammonia,  and  should 
not  be  used  in  places  where  it  will  come  in  contact  with  such  materials. 

Despite  such  limitations,  braze  welding  is  the  most  satisfactory  join- 
ing process  in  cases  where  a strong,  dependable  weld  is  desired,  where 
time  is  of  importance,  or  where  a large  casting  which  cannot  be  suc- 
cessfully preheated  to  a high  temperature  is  to  be  welded.  Tensile 
strengths  of  the  order  as  high  as  55,000-70,000  psi  can  be  developed 
in  the  weld  metal. 

In  the  braze  welding  of  gray  iron  most  of  the  difficulties  arise  from 
the  presence  of  graphite  on  the  surface  of  the  casting.  The  bronze 
bonds  with  the  iron  by  a tinning  action — that  is,  by  a slight  inter- 


Fig.  7.  5,500  ton  gray  iron  press 
frame  repaired  by  oxy-acetylene 
braze  welding. 
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facial  alloying  action  and  by  some  penetration  between  grain  boun- 
dries.  Graphite  acts  to  prevent  the  bronze  weld  metal  from  coming 
into  intimate  contact  with  the  iron,  and  obviously  the  larger  the 
percentage  of  graphite  on  the  surface,  the  more  difficult  is  the  joining 
process.  Although  a “tinning”  flux  is  used,  the  most  effective  method 
of  degraphitizing  is  by  “searing”  the  surfaces  to  be  welded  at  1600° 
F.  with  a flame  made  slightly  oxidizing. 

To  facilitate  the  vital  “tinning”  operation — that  is,  the  alloying 
and  penetration  which  bonds  the  weld  metal  to  the  gray  iron — it  is 
always  advisable  to  avoid  initially  smearing  the  graphite  on  the  sur- 
face during  the  cleaning  and  machining  operations  preparatory  to 
welding.  If  possible,  metal  should  be  removed  by  chipping,  for  some 
machining  and  grinding  operations  may  spread  the  graphite  over  the 
face  of  the  casting*8)  ; if  possible  the  vee  should  be  sandblasted*9). 
If  sandblasting  fails  to  clean  the  surface  and  any  great  trouble  is 
encountered,  the  use  of  an  oxidizing  agent,  e.g.  potassium  chlorate, 
is  recommended*10).  The  vee  should  be  of  approximately  the  same 
shape  as  that  used  for  welding  with  a cast  iron  rod,  although  both 
the  collar  type  and  the  shear  vee  type  weld  have  been  successfully 
used  for  bronze  welding  gray  iron  pipe*26). 

A wide  variety  of  rods  are  employed  for  bronze  welding.  Basically 
the  material  used  is  60%  copper,  40%  zinc*8),  but  0.50% -0.70%  tin 
is  almost  always  added*10).  A small  quantity  of  silicon  of  the  order 
of  0.10%  is  introduced  to  cut  down  fuming  and  produce  the  so-called 
“non-fuming”  bronze  rods.  A small  amount  of  manganese  will  facili- 
tate tinning  and  raise  the  tensile  strength  of  the  deposit.  The  addition 
of  nickel  is  also  occasionally  used  to  increase  strength*9).  As  previ- 
ously noted,  weld  metal  strengths  of  45,000  psi  are  not  uncommon. 
Most  common  bronze  welding  fluxes  are  satisfactory  * 54  > . 

Although  in  the  majority  of  cases  the  vee  alone  is  preheated,  a 
strong  opinion  exists  that  the  casting  should  preferably,  but  not 
necessarily,  be  preheated  to  600-750°  F.  or  higher.  This  reduces  the 
danger  of  accidental  cracking  and  enables  the  weld  to  be  made  quickly. 
Castings  of  very  unequal  section  thickness  should  always  be  pre- 
heated*9). 

In  the  actual  welding  operation,  the  base  material  is  placed  in  a flat 
position  or  in  such  a position  that  it  can  be  welded  uphill*9)  *10>.  The 
vee  and  the  area  immediately  surrounding  it  are  warmed  by  the  torch, 
and  an  area  about,  three  inches  long  at  the  beginning  of  the  weld  is 
heated  until  it  begins  to  show  a red  color.  The  welding  rod  is  warmed 
in  the  flame,  and  dipped  in  flux.  A small  amount  of  the  rod  is  melted 
onto  the  surface  of  the  vee.  If  it  forms  drops  and  tends  to  roll  off,  the 
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metal  is  not  yet  hot  enough  and  tinning  is  not  taking  place ( 1 > . If  the 
deposited  metal  boils  and  forms  into  little  balls,  the  metal  is  too 
hot ( 11  > . The  metal  is  then  brought  to  the  proper  temperature  and  the 
vee  is  “tinned”  to  a length  of  about  three  inches. 


The  welding  tip  should  be  of 
the  type  which  produces  a bulb- 
ous flame.  The  welding  may  now 
proceed  rapidly,  the  forehand 
technique  being  used,  with  care 
being  taken  to  observe  that  the 
bronze  at  all  times  “tins”  ahead 
of  the  weld.  This  is  indicated  by 
a concave  appearance  of  the  de- 
posited bronze.  Although  this 
action  is  practically  automatic 
with  a well  prepared  vee,  the 
first  pass  in  particular  should 
have  a concave  face,  as  should 
all  succeeding  passes,  except 
the  final  build-up.  After  weld- 
ing, the  casting  is  allowed  to 
cool  slowly  (1>. 


Fig.  8.  Braze  welding  of  2%  ton  gray 
iron  gear. 


III.  ARC  WELDING 

In  arc  welding  the  heat  of  welding  is  supplied  by  an  electric  arc  struck 
between  the  casting  to  be  welded  and  an  electrode.  In  the  methods  most 
commonly  used  with  gray  iron,  this  electrode  is  also  the  metal  to  be  de- 
posited. The  heat  of  the  arc  melts  the  electrode  and,  since  it  yields  a 
very  concentrated  heat,  a small  area  of  the  base  metal  under  the  arc  is 
also  melted. 

Since  with  this  method  of  welding  only  a very  limited  area  of  the 
casting  is  raised  to  a high  temperature,  it  is  sometimes  unnecessary 
when  nonferrous  or  steel  electrodes  are  employed  to  preheat  the  en- 
tire casting  to  eliminate  expansion  and  contraction  stresses.  This  avoid- 
ance of  the  preheating  step,  coupled  with  the  fact  that  metal  can  be 
rapidly  deposited  by  the  arc  method,  means  that  arc  welds  in  large 
castings  can  be  completed  in  a comparatively  short  time. 

Because  the  weld  does  not  remain  fluid  for  any  appreciable  length 
of  time,  welding  can  in  general  be  accomplished  in  any  position,  where- 
as in  the  case  of  gas  welding,  the  work  cannot  be  welded  overhead  and 
only  with  difficulty  at  steep  angles. 
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These  general  advantages  have  led  to  the  use  of  arc  welding  for  the 
joining  of  gray  iron  in  a large  number  of  applications.  The  limitations, 
arising  mainly  from  the  difficulties  of  temperature  control,  which,  in 
turn  may  result  in  hard  zones,  render  it  a process  supplementary  to 
gas  welding  but  not  a replacement  of  it. 

a.  Arc  Welding  with  Nickel-Base  Electrodes  . . . One  of  the  most 
widely  used  and  generally  successful  of  the  arc  welding  processes  for 
gray  iron  is  arc  welding  done  with  nickel-base  electrodes.  In  this 
process  the  electrode  is  composed  of  pure  nickel  or  some  alloy  or  com- 
bination of  nickel  and  other  metals,  usually  copper.  Although  it  has 
still  not  been  finally  determined,  the  most  successful  electrode  seems 
to  be  one  composed  of  a flux-coated,  commercially  pure  (99%)  nickel. 
Monel  (70%  Ni,  30%  Cu)  and  copper-sheathed  nickel  are  also  used  as 
electrode  materials.  Special  nickel  electrodes  for  nickel  austenitic  gray 
irons  and  for  high  phosphorus  irons  have  also  been  developed.  If  ma- 
chinability  is  not  desired,  an  electrode  consisting  of  a nickel  core, 
wrapped  in  a copper  sheath,  the  whole  wrapped  in  a mild  steel  sheath 
and  heavily  flux-coated,  has  been  used  with  success  for  build-up  pur- 
poses. 

With  the  exception  of  the  last  mentioned  electrode,  all  the  above 
materials  are  used  when  a machinable  weld  is  desired.  Machinability 
is  generally  obtained  even  in  the  absence  of  preheating.  Their  use  con- 
stitutes an  effective  method  both  of  producing  a weld  in  a defective  or 
mismachined  casting  and,  in  some  cases,  of  fabricating  new  parts  for 
assemblies  which  are  to  be  machined.  The  process  is  rapid  and  the 
electrode  is  easy  to  handle,  and,  unlike  the  bronze  electrodes,  can  be 
operated  in  all  positions.  These  advantages  have  resulted  in  the  use  of 

nickel  arc  welding  for  a 
large  percentage  of  gener- 
al gray  iron  welding  jobs. 

Limitations,  however, 
do  exist  in  the  use  of  nickel 
electrodes.  Graphite  is 
used  in  some  flux  coatings 
to  facilitate  welding,  and 
this  graphite  in  heavy 
welded  sections  may  dis- 
solve in  the  nickel  and  pre- 
cipitate on  cooling  in  an  in- 
tergranular and  interden- 
dritic  form  which  materi- 
ally weakens  the  weld.  The 
weld  metal  is  also  suscep- 


Fig.  9.  Nickel  deposit  on  gray  iron,  cut,  drilled 
and  tapped  to  show  its  ready  machinability  in 
the  weld  metal  and  at  the  line  of  fusion. 
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tible  to  cracking  in  thick  sections.  As  a consequence,  some  opera- 
tors* 35  > state  nickel  welding  should  not  be  used  in  critical  locations. 
It  may  safely  be  said,  however,  that  for  repair  of  surface  defects  or 
joining  only  moderately  thick  sections  nickel  arc  welding  provides  a 
satisfactory  and  simple  process  for  welding  gray  iron. 


Fig.  10.  Nickel-base  electrodes  permit  welding  of  gray  iron  to  dissimilar  metals. 


Veeing  is  carried  out  in  the  same  way  as  for  other  types  of  welding. 
A preheat  is  generally  not  necessary,  as  temperatures  over  300°  F. 
may  result  in  overheating  of  the  base  metal  at  the  line  of  fusion  and 
consequent  formation  of  an  unmachinable  white  iron  layer  or  a mar- 
tensitic zone.  However,  if  the  casting  is  below  normal  room  tempera- 
ture, a moderate  preheat  of  150-250°  F.  would  be  applied  at  the  weld- 
ing area,  or,  if  possible,  to  the  entire  casting.  If  the  casting  is  oil  im- 
pregnated, it  is  recommended  that  the  area  of  the  weld  be  heated  to 
700-1000°  F.  for  15-30  minutes  with  a torch  and  then  allowed  to  cool 
to  room  temperature* 12 > before  welding  is  started. 

When  nickel  welding  gray  iron,  it  is  important  to  remember:  (1)  to 
keep  the  weld  as  cool  as  possible,  and  (2)  to  avoid  alloying  of  the  nickel 
with  the  base  metal.  The  smallest  possible  electrode  should  be  used, 
and  an  arc  length  of  approximately  1/16"  should  be  maintained* 13 >. 
Low  amperage  alternating  current  is  reportedly  preferred  because  it 
reduces  “arc  blow”  and  generally  improves  arc  control <3>.  Reversed 
polarity  direct  current  is  also  used. 

In  general,  it  is  advisable  to  deposit  short,  straight  beads  one  to  two 
inches  long.  Each  bead  should  then  be  lightly  peened*5)  with  ball- 
point tools  and  allowed  to  cool  to  a temperature  such  that  it  can  be 
touched  with  the  finger* 15 >.  It  is  advisable  to  remove  the  flux  from 
each  pass  before  starting  a subsequent  pass  by  scratching  with  the 


431 


WELDING,  JOINING  AND  CUTTING  OF  GRAY  IRON 


Fig.  11.  A pneumatic  chipping  hammer 
is  here  being  used  to  prepare  a gray  iron 
motor  frame  for  arc  welding  with  a 
nickel  electrode. 


Fig.  12.  Welding  of  the  motor  frame 
shown  in  Fig.  11. 


Fig.  13.  The  completed 
weld,  showing  the  peen- 
ing  marks. 
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corner  of  a cold  chisel  and  brushing  with  a wire  brush  < 25  >.  If  parallel 
beads  are  being  deposited,  the  arc  should  be  directed  at  a previously 
deposited  bead.  As  a typical  example,  the  arc  should  never  be  directed 
at  a corner  or  edge  but  always  at  the  nearest  bead*14). 

Stress  relieving  may  be  necessary  for  machining  or  dimensional 
stability  * 5 > , but  usually  the  deposition  of  an  extra  bead  to  be  later  ma- 
chined off  will  be  sufficient  to  anneal  the  underlying  layers*16),  but 
not  to  stress-relieve  the  whole  welded  area.* 


Fig.  14.  Gray  iron  burner  for  a gas  home-heating  unit  ready  for  assembly.  The 
slotted  disc  is  of  steel. 


Fig.  15.  Burner  after  assembly  by  arc  welding  with  nickel  electrode. 


* Small  surface  imperfections  have  been  successfully  filled  by  the  use  of  the  “dot- 
welding” technique,  in  which  a high  amperage,  low  voltage,  alternating  current, 
interrupted  arc  is  employed  to  deposit  nickel  weld  metal  in  a series  of  dots.  A 
stream  of  air  quenches  the  electrode,  keeps  the  weld  cool,  and  limits  heat  penetra- 
tion. No  preheat  or  postheat  is  necessary!52). 
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A successful  weld  can  be  quite  simply  produced  if  the  above  precau- 
tions are  followed.  The  process  has  been  so  successful,  in  fact,  that  it 
has  occasionally  been  used  in  fabrication  where  the  joint  is  not  under 
excessive  restraint.  For  example,  steel  supporting  bars  have  been 
welded  to  the  base  of  a stock  turret  of  a switch  box  < 10  > by  this  method, 
and  welding  of  gray  iron  burner  parts  has  eliminated  bolting  and  gas- 
keting steps  previously  required*37).  It  has  also  been  suggested*14* 
that  the  foundryman  might  break  down  a complicated  casting  into 
simpler  components,  cast  them  separately,  and  then  reassemble  the 
desired  part  by  nickel  welding  as  has  been  done  in  the  case  of  silver 
soldering. 

b.  Arc  Welding  With  Mild  Steel  Electrode  . . . One  of  the  first  pro- 
cesses to  be  used  successfully  on  gray  iron  is  that  of  arc  welding  with  a 
mild  steel  electrode.  The  resultant  weld,  particularly  if  studded,  is 
strong,  gives  a good  color  match,  and  can  be  used  before  enameling  or 
chromium  plating.  Despite  definite  limitations,  many  large  castings 
can  be  and  have  been  welded  in  position  using  such  electrodes,  which 
are  the  least  expensive  of  the  various  electrodes  used  for  welding 
gray  iron. 

Difficulties  connected  with  the  process,  however,  result  in  a some- 
what limited  range  of  application.  It  is  virtually  impossible  to  prevent 
the  formation  of  a hard  zone  or  layer  at  the  juncture  of  the  steel  weld 
metal  and  the  gray  iron  base  metal,  and  this  type  of  welding  should 
not  be  used  where  machinability  is  a factor.  Furthermore,  since  the 
shrinkage  of  steel  is  greater  than  that  of  gray  iron,  high  stresses  de- 
velop which  can  result  in  cracking  of  the  casting,  and  it  is  very  diffi- 
cult to  obtain  liquid-tight  joints. 

Because  of  these  limitations,  arc  welding  of  gray  iron  with  steel  is 
becoming  progressively  confined  to  the  repair  of  small  pits  and  cracks, 
with  some  application  in  the  repair  of  breaks  in  very  large  castings 
that  require  no  machining. 

For  most  repair  jobs,  veeing  is  the  same  for  this  type  of  welding  as 
for  those  already  discussed.  However,  the  formation  of  a hard  zone  as 
a result  of  dilution  at  the  line  of  fusion,  generally  makes  it  necessary  to 
employ  studs  which  key  the  weld  to  the  unaffected  gray  iron  below  this 
layer,  and  thus  insure  a strong  weld.  Although  dimensions  vary  with 
the  job,  these  steel  studs  are  typically  %-%"  in  diameter,  projecting 
3/i6-V4,"  above  the  surface  and  screwed  in  to  a depth  at  least  equal  to 
their  diameter.  It  is  recommended  that  the  cross-sectional  area  of  the 
studs  should  be  25-35%  of  the  area  of  the  weld  surface*17*.  A modi- 
fied studding  procedure  can  be  used  for  repair  of  small  cracks*18*. 
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Fig.  16.  Cracked  gray  iron  end  frame  veed  and  partially  studded. 


Fig.  17.  End  frame  arc  welded  using  mild  steel  electrodes. 

Since  usually  no  attempt  is  made  to  get  a machinable  weld,  preheat- 
ing is  only  necessary  when  the  part  to  be  welded  is  in  a position  such 
that  expansion  would  cause  excessive  stresses  in  other  parts  of  the 
casting.  In  the  latter  case,  a preheat  of  950-1050°  F.  is  desirable.  If 
studding  is  employed,  preheating  is  sometimes  omitted*8). 

A coated  mild  steel  rod  is  normally  employed.  The  deposited  beads 
should  be  short  and  widely  separated.  Recommendations  include  allow- 
ing each  bead  to  cool  3 to  5 minutes,  while  depositing  metal  on  some 
other  part  of  the  prepared  section.  A weaving  bead  may  also  be  used. 
Each  bead  should  preferably  be  peened  after  deposition*17). 

If  studs  are  employed,  one  or  two  beads  should  first  be  laid  around 
the  studs  in  order  to  insure  intimate  bonding  with  the  welding  ma- 
terial * 17 ) . 

In  one  variation,  the  flux  coating  contains  graphite  and  silicon  car- 
bide in  order  to  produce  a weld  composition  similar  to  the  base  metal. 
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In  this  case,  the  recommended  flux  composition  is  <17)  : 40-60%  graph- 
ite, 1%  barium  chloride,  remainder  carborundum. 

c.  Arc  Welding  with  a Gray  Iron  Electrode  . . . The  gray  iron  electrode 
has  found  a definite  but  limited  use  in  the  repair  welding  of  gray  iron. 
It  is  faster  than  oxy-acetylene  welding  for  the  repair  of  small  defects, 
and  under  certain  circumstances  may  give  a weld  of  comparable 
strength  and  machinability,  although  uniformity  of  results  cannot  be 
guaranteed. 

Machining  and  cleaning  operations  are  the  same  as  those  used  for 
mild  steel.  A preheat  is  necessary ; claims  have  been  made  that  good 
results  can  be  obtained  with  a preheat  as  low  as  300°  F. ; however, 
since  this  process  involves  the  highest  heat  input  of  all  the  welding 
methods,  1000°  F.  or  more  would  seem  necessary  to  assure  machina- 
bility*15) *20>. 

A typical  composition  for  a gray  iron  electrode  consists  of  < 20> : 

T.C.  —3.49%  Si  —3.33% 

Mn  —0.77%  S —0.022% 

P —0.90%  Mo  —0.11% 

A medium  to  long  arc  should  be  held,  and  an  A.C.  current  of  about 
150  amps,  is  recommended*8). 

Welding  procedure  resembles  that  for  mild  steel  with  a few  ex- 
ceptions. The  walls  of  the  vee  should  be  washed  into  the  weld  metal  in 
order  to  produce  maximum  penetration.  At  the  end  of  a bead,  the  arc 
should  not  be  broken  abruptly,  but  rather  should  be  drawn  out  and 
held  for  a short  time.  In  multiple  pass  welding,  the  proceding  pass 
should  not  be  allowed  to  cool*8).  In  Germany,  where  this  method  is 
more  widely  employed,  it  is  common  practice  to  use  a technique  simi- 
lar to  oxy-acetylene  welding.  A puddle  is  formed  which  is  prevented 
from  spreading  by  graphite  dams.  The  largest  possible  electrode  and 
current  are  used  * 27 ) . 

d.  Carbon  Arc  Welding  with  a Gray  Iron  Filler  Rod  . . . Despite  the 
fact  that  cleaning  and  beveling  are  not  as  necessary  as  for  most  other 
weld  methods  and  that  a machinable  weld  with  good  color  match  can 
be  produced,  carbon  arc  welding  has  not  been  widely  used  for  the  join- 
ing of  gray  iron.  This  neglect  is  due  to  the  necessity  of  a much  higher 
preheat,  the  difficulties  involved  in  handling  the  arc,  and  the  extreme 
fluidity  of  gray  iron  at  the  high  temperatures  produced  by  the  carbon 
arc. 

A preheat  of  1400°  F.  is  preferable,  and  at  least  1000°  F.  is  neces- 
sary*21). In  one  successful  operation*21)  a current  of  800  amps. 
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straight  polarity,  an  electrode  %"  in  diameter  and  an  arc  IV2"  long 
were  used.  A flux  consisting  of  equal  parts  of  sodium  carbonate  and 
sodium  bicarbonate  was  employed. 

e.  Inert-Gas  Tungsten-Arc  Welding  . . . The  recently  developed  inert 
arc  processes  have  been  used  with  some  success  on  gray  iron.  The  dis- 
tinguishing feature  of  the  process  is  the  use  of  a stream  of  inert  gas, 
either  argon  or  helium,  to  prevent  oxidation  of  the  electrode  or  added 
filler  metal  and  to  prevent  oxidation  of  the  molten  metal  under  the  arc. 
The  electrode  is  of  tungsten  and  is  not  appreciably  consumed  during 
welding.  Any  added  metal  is  introduced  in  the  form  of  a filler  rod, 
melted  in  the  heat  of  the  tungsten  arc  and  under  the  protective  gas 
atmosphere.  In  addition  to  preventing  oxidation,  and,  therefore,  for- 
mation of  a high  melting  point  slag,  this  method  of  welding  by  suitable 
control  of  the  arc  can  lift  and  break  oxide  films. 

These  characteristics  yield  several  distinct  advantages  not  obtain- 
able in  other  forms  of  welding:  no  flux  is  required;  the  completed  weld 
has  little  or  no  slag  covering,  thus  minimizing  cleaning  and  grinding 
operations ; the  weld  itself  tends  to  be  free  from  blow  holes  that  must 
be  worked  out  in  ordinary  welding ; and,  since  practically  no  oxidation 
takes  place,  the  weld  metal  is  substantially  of  the  same  composition  as 
the  filler  rod  used.  Welding  can  also  be  done  in  any  position. 

Although  there  is  no  question  that  inert-gas  welding  shows  promise 
as  a welding  process  for  gray  iron,  and  it  has  been  claimed  that  it  can 
be  successfully  used  for  production  welding  (in  fact,  gray  iron  has 
been  successfully  welded  to  stainless  steel  by  this  process),  the  limited 
application  that  has  so  far  been  made  does  not  provide  enough  data  for 
a final  evaluation  of  its  worth  in  competition  with  other  welding  proc- 
esses. It  is  more  rapid  than  oxy-acetylene  welding  and  even  than  most 
arc  welding,  although  it  has  been  reported  to  lack  the  flexibility  and 
uniformity  of  results  of  the  former  process  and  the  ease  of  application 


Fig.  18.  Building  up  a worn 
valve  seat  in  a gray  iron  die- 
sel cylinder  head  by  means 
of  inert-arc  welding.  Note 
the  compact  heat-retaining 
box. 
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of  the  latter.  Cost  connected  with  installing  the  original  equipment 
and  with  the  use  of  argon  or  helium  must  be  considered  in  any  final 
decision. 


Although  aluminum  and  silicon  bronze  as  well  as  nickel  filler  rods 
may  be  used  in  inert  gas  welding,  it  is  more  common  to  employ  gray 
iron  rods  similar  to  those  used  in  oxy-acetylene  welding.  A single  or 
double  bevel  with  a 60-90°  included  angle  is  employed.  The  casting 
should  be  preheated  to  a temperature  of  500-1050°  F. 


Fig.  19.  Inert  arc  weld  in  %"  gray  iron 
plate. 


A.  C.  or  straight  polarity  D.C. 
are  both  satisfactory  for  welds 
up  to  l/o"  in  thickness  in  the  flat 
position.  D.  C.  straight  polarity 
is  preferred  for  flat  positioned 
welds  in  sections  over  1"  in 
thickness,  whereas  A.C.  is  rec- 
ommended for  all  welds  in  the 
vertical,  overhead,  or  horizon- 
tal positions. 

For  welding  in  the  flat  posi- 
tion, the  holder  is  moved  stead- 
ily along  the  vee  or  reciprocated 
back  and  forth.  Weaving  should 
be  avoided. 

For  welding  in  the  vertical 
position,  a weaving  technique 
and  beginning  the  weld  at  the 
bottom  is  recommended. 


In  the  overhead  position,  the  rod  is  dipped  into  the  leading  edge  of 
the  puddle,  the  torch  is  moved  ahead  to  allow  partial  solidification  of 
the  puddle,  and  then  the  torch  is  moved  back  over  the  puddle  and  the 
operation  repeated. 

For  welding  in  the  horizontal  position,  that  is  for  welding  vertical 
sections  in  a horizontal  direction,  a weaving  technique  is  recommended. 

For  maximum  machinability  and  for  stress-relief  where  close  toler- 
ances are  to  be  maintained,  a postheat  of  1250°  F.  is  recommended  al- 
though not  obligatory.  In  any  case,  precautions  must  be  taken  to  in- 
sure slow  cooling*24)  <28>  <20)  <3°). 


/.  Arc  Braze  Welding  ...  In  many  applications  involving  joining  of 
large  gray  iron  parts,  such  as  gray  iron  ways  to  steel  beds  or  repair  of 
cylinder  blocks,  machine  bases,  large  end  bell  housings  and  the  like, 
arc  braze  welding  has  been  recommended.  Claims  have  been  made  as  to 
the  high  tensile  strength,  speed  of  welding  and  ease  of  application  pos- 
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l0-.,0™?,  T?"  -wa,P  aP  braze  welded  t0  F‘S-  21-  Steel  fuel  feed  line  arc 
steel  beds.  Buttering  technique  used  to  in-  braze  welded  to  a gray  iron  ell 
suie  accui-ate  alignment.  in  an  automatic  stoker  on  a 

production  basis. 

There  are  four  common  types  of  bronze  electrodes  which  may  be 
employed  with  gray  iron : 

1.  Probably  the  most  commonly  used  electrode  is  an  aluminum 
bronze  containing  about  90%  copper  and  8%  aluminum.  It  is  recom- 
mended for  joining  alloy  gray  irons,  and  is  also  used  for  bonding  gray 
non  to  steel,  bronze  and  other  metals,  and  has  been  employed  for  bear- 
ing surfaces. 

2.  A bronze  containing  4.5%  tin,  0.05%  phosphorus,  0.02%  silicon 
and  the  balance  copper  is  more  corrosion  resistant,  and  can  be  used 
either  on  bearing  surfaces  or  for  general  gray  iron  joining. 

3.  An  electrode  consisting  of  3.0%  silicon  and  the  balance  copper 
can  be  used  for  bonding  gray  iron  to  silicon  bronze. 

4.  A high  aluminum  bronze  containing  approximately  80%  copper, 
12%  aluminum  and  the  balance  iron  is  used  for  die  overlays. 


sible  with  these  electrodes.  They  are,  however,  generally  considered  as 
interior  to  gas  welds  made  with  gray  iron  or  bronze  rods  unless  mini- 
mum heat  input  is  a necessity,  and  they  cannot  be  used  where  machin- 
ability  and  color  match  are  required.  Despite  such  limitations,  bronze 
electrodes  < 23  > under  some  circumstances  may  be  logical  welding  ma- 
teiial  for  gray  iron.  The  arc  deposited  metal  is  also  valuable  for  die 
overlays,  and  will  provide  some  corrosion  resistance. 
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Fig.  22.  Gray  iron  gear  hous- 
ing repaired  by  arc  welding 
with  aluminum  bronze  elec- 
trodes. 


Machining  or  “veeing”  operations  preparatory  to  welding  are  the 
same  for  this  process  as  for  other  processes  previously  described.  A 
preheat  of  250-400°  F.  is  recommended  if  possible,  but  when  the  neces- 
sity arose,  large  castings  have  been  welded  in  place  without  a preheat. 
Some  degree  of  machinability  can  be  obtained  with  a preheat  of  600- 
800°  F.  Dies  should  be  heated  to  400°  F.  before  attempting  overlaying. 
Where  very  accurate  dimensions  must  be  retained  by  minimizing  dis- 
tortion due  to  the  normal  difference  in  thermal  contraction  of  gray  iron 
and  bronze,  a “buttering”  technique,  in  which  a preliminary  layer  of 
bronze  is  deposited  and  partially  machined  off  previous  to  final  weld- 
ing, is  sometimes  used. 

The  smaller  sizes  of  electrodes  are  recommended.  In  a typical  appli- 
cation, the  weld  is  built  up  by  stringer  beads  3-5"  long  deposited  by  the 
skip  welding  technique.  It  may  be  advisable  to  peen  each  deposit.  The 
casting  should  be  postheated  to  the  preheat  temperature  or  slightly 
above  is  possible. 
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IV.  BRAZING 

Brazing  has  been  defined  by  the  American  Welding  Society  as:  “A 
group  of  welding  processes  wherein  coalescense  is  produced  by  heating 
to  suitable  temperatures  above  800°  F.  and  by  using  a nonferrous 
filler  metal  having  a melting  point  below  that  of  the  base  metal.  The 
filler  metal  is  distributed  between  the  closely  fitted  surfaces  of  the 
joint  by  capillary  attraction.”  < 19  > This  last  limitation  excludes  braze 
welding,  which  has  been  discussed  above. 

Two  main  classes  of  brazing  alloys  are  used,  namely,  copper  or 
copper-base  alloys,  and  silver-base  alloys.  The  latter  are  sometimes 
popularly  called  silver  solders. 

a.  Silver  Alloys  . . . Brazing  with  silver  alloys  is  of  particular  value 
in  the  case  of  gray  iron  and  is  one  of  the  processes  now  regularly  used 
in  production.  A bond  as  strong  or  stronger  than  the  parent  metal 
can  be  formed,  and  the  process  is  simplified  by  the  fact  that  the  flow 
point  of  the  alloy  is  only  1100-1200°  F.,  considerably  below  tempera- 
tures involving  danger  of  hardening  or  of  excessive  stresses  from 
uneven  expansion.  Thus  gray  iron  can  be  silver  brazed  with  assurance 
that  losses  from  such  causes  will  not  occur. 

The  cost  of  the  silver  alloy,  on  the  other  hand,  is  fairly  high ; so  that 
it  cannot  be  economically  used  where  any  filling-in  of  large  gaps  or 
cavities  is  necessary.  Both  for  this  reason  and  for  maximum  strength 
in  the  final  joint,  the  part  should  possess  machined  clearances  between 
0.0015  and  0.005".  Consequently,  brazing  with  silver  alloys  is  confined 
to  castings  that  are  machined  to  fairly  close  tolerances.  It  should  be 
noted  that  this  limitation  is  often  not  serious  as  evidenced  in  con- 
sideration given  to  silver  brazing  4"  diameter  gray  iron  pipe  sections. 
Silver  brazing  is  naturally  not  employed  for  castings  intended  for  high 
temperature  applications. 

It  is  very  important  in  silver  brazing  to  have  a properly  prepared 
surface.  A high  quality,  fine-grained  gray  iron  often  needs  no  special 
treatment  after  machining,  but  the  surface  of  some  high  carbon  gray 
irons  must  be  degraphitized  in  catalytic  salt  baths,*  seared  with  a 
torch  or  given  an  equivalent  treatment  for  best  results. 

The  surfaces  to  be  joined  must  next  be  painted  with  a flux,  usually 
of  a bi-fluoride  type  active  at  1000°  F.  This  flux  is  necessary  for  de- 

*Degraphitizing  baths  include  Kolene,  Virgo  and  other  proprietary  types. 
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veloping  maximum  fluidity  and  good  tinning  properties  in  the  silver 
brazing  alloy. 

The  brazing  alloy  normally  used  contains  from  40%  to  50%  silver, 
the  remainder  being  made  up  of  approximately  equal  parts  of  copper, 
cadmium  and  zinc.  The  alloy  is  supplied  in  the  form  of  thin  strip  or 
wire  and  is  either  placed  on  the  surface  to  be  joined  in  special  slots 
in  the  joint  or  fed  into  the  joint  as  it  is  being  heated.  The  parts  are 
then  held  together  with  simple  jigs  so  as  to  prevent  sagging  or  other 
separating  or  misaligning  of  the  parts. 

Several  brazing  processes  can  be  employed : 

(a)  Torch  brazing  using  suitable  air  or  oxygen  with  acetylene  or 
other  fuel  gas  mixtures.  An  approved  method  is  to  use  a multiple-head 
oxy-acetylene  torch  with  a neutral  or  reducing  flame.  Direct  impinge- 
ment of  the  flame  on  the  brazing  material  except  momentarily  is  not 
recommended.  If  metals  of  different  section  size  or  differing  heat 
conductivity  are  being  joined,  care  should  be  taken  that  they  both 
reach  the  brazing  temperature  simultaneously. 

(b)  For  brazing  of  small  or  medium  sized  parts  on  a production 
basis,  furnace  brazing  using  oil,  gas  or  electric  furnaces  may  be  used, 
preferably  avoiding  an  oxidizing  atmosphere. 

(c)  In  resistance  brazing  the  parts  are  placed  under  pressure 
between  two  electrodes,  usually  carbon  electrodes.  This  process  enables 
careful  control  and  eliminates  the  necessity  for  jigging. 

(d)  Very  rapid  heating,  confined  to  the  joint  to  be  brazed,  can  be 
provided  by  induction  brazing.  Less  flux  need  be  used  in  this  method, 
and  cleaning  operations  are  simplified. 

(e)  Dip  brazing,  in  which  parts  are  dipped  in  a molten  bath  of  the 
brazing  alloy,  is  best  suited  to  small  parts. 

(f)  Chemical  dip  or  salt  bath  brazing  provides  careful  temperature 
control,  fast  heating,  and  protection  against  oxidation. 

After  brazing,  the  flux  is  removed  from  the  joint  by  wiping,  dipping 
or  spraying  the  surface  with  water  after  it  has  cooled  enough  so  that 
the  brazing  alloy  has  set.  The  brazing  of  gray  iron  with  silver  alloys 
promises  to  become  a very  useful  method  of  joining.  It  may  be  used  to 
join  gray  iron  to  gray  iron  (as  in  the  present  regular  production  of 
piston  rings  with  brazed-on  lugs)  or  to  steel  or  nonferrous  materials. 
The  use  of  gray  iron  is  particularly  facilitated  in  mixed  assemblies, 
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where  its  valuable  proper- 
ties are  needed.  The  eco- 
nomic possibilities  of  sim- 
plifying- complicated  cast- 
ings involving  difficult 
feeding  or  coring  problems 
by  casting  them  in  two  or 
more  parts,  and  reassem- 
bling the  parts  into  a single 
casting  by  brazing,  have 
been  investigated  and 
show  considerable  prom- 
ise. 

b.  Copper  and  Copper-Base 
Alloys  . . . Comparatively 
pure  copper  has  been  used 
to  join  press  fitted  parts  of 
various  metals.  Its  use  in 
the  case  of  gray  iron  is 
definitely  limited,  however,  because  of  the  high  temperatures  (2000°  F. 
or  above)  required  to  render  copper  fluid  enough  to  penetrate  and  effec- 
tively unite  press  fitted  parts.  Phosphorus-copper  alloys  are  unsuitable 
because  of  their  tendency  to  form  phosphides  with  ferrous  metals.  On 
the  other  hand,  some  of  the  bronzes,  for  example  a 6%  tin-bronze 
melting  at  about  1700°  F.,  have  been  successfully  employed.  It  is 
usual  to  allow  clearances  of  0.0015  to  0.005"  at  the  joints  as  in  the  case 
of  silver  brazing  alloys. 

The  chief  disadvantages  as  concerns  general  application  of  copper 
and  copper-base  alloys  in  brazing  gray  iron  reside  in  the  necessity 
for  a hydrogen  atmosphere  in  the  furnace  and  comparatively  high 
brazing  temperatures. 

V.  SPECIAL  JOINING  PROCESSES 

a.  Thermit  Welding  . . . Thermit  welding,  i.e.  molten  metal  produced 
by  the  heat  generated  from  reaction  of  aluminum  with  iron  oxide, 
may  be  successfully  used  for  the  joining  or  repairing  of  gray  iron, 
if  the  limitations  of  the  process  are  understood.  For  example,  such  join- 
ing or  repairing  is  commonly  limited  to  comparatively  thick  castings, 
preferably  of  a square  or  round  cross-section.  It  should  also  be  realized 
that  the  shrinkage  of  the  weld  metal  produced  by  the  thermit  process, 
since  it  is  essentially  a high  silicon  steel,  is  about  twice  that  of  the 
parent  gray  iron.  The  process  is,  consequently,  not  suitable  for  repair- 


Fig.  23.  Casting  of  this  hydraulic  valve  in  two 
parts  and  silver  brazing  simplifies  the  work  of 
the  designer,  pattern-maker,  foundry  and  ma- 
chine shop. 
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ing  long  cracks-  in  thin  sections,  or  cracks  extending  only  partially 
through  the  casting  section  unless  they  are  preliminarily  cut  all  the 
way  through.  The  finished  weld  is  somewhat  harder  and  tougher  than 
ordinary  gray  iron,  but  may  still  be  machined. 

The  process  is  essentially  the  same  as  that  used  for  the  thermit 
welding  of  steel t1*.  The  ends  to  be  joined  together  should  be  cut  so 
as  to  form  a parallel-sided  gap.  The  gap  is  filled  with  wax  to  make  a 
pattern  around  which  a sand  mold  is  formed.  The  wax  is  then  melted 
out,  and  the  ends  to  be  joined  are  heated  to  a red  heat  with  a kerosene- 
air  burner  inserted  through  an  opening  left  in  the  mold.  The  opening 
is  then  plugged  and  the  thermit  mix  contained  in  an  inverted  refrac- 
tory lined  cone  connected  by  a gate  with  the  cavity,  is  ignited.  The 
reaction  of  the  gray  iron  thermit,  consisting  of  aluminum  and  iron 
oxide  to  which  3%  ferrosilicon  and  20%  mild  steel  punchings  have 
been  added l-),  takes  about  30  seconds.  The  molten  metal  resulting 
from  the  reaction  of  aluminum  and  iron  oxide  is  then  tapped  into 
and  allowed  to  fill  the  cavity.  After  cooling,  the  mold  is  removed, 
levealing  the  completed  joint.  Because  of  the  slow  cooling  insured  by 
the  surrounding  sand  mold,  the  weld  is,  in  general,  machinable,  and 
it  is  usually  unnecessary  to  stress-relieve  unless  the  casting  is  part 
of  a rigid  structure.  <8>  <19>  <31) 

b.  Soldering  . . . Soft  solders  have  been  defined  as  “metals  or  alloys 
. . . which  melt  at  temperatures  below  the  melting  point  of  the  base 
metal  and  in  all  cases  below  800°  F.”(1!u  This  low  melting  point  auto- 
matically limits  solders  to  alloys  high  in  lead,  tin,  zinc  or  combinations 
of  these  elements.  For  example,  a typical  solder  for  use  with  gray 
iron  consists  of  35%  tin,  30  % lead  and  35%  zinc<15>. 

Soldering  is  used  to  a limited  extent  on  gray  iron  for  repair  of  small 
surface  defects,  for  water-  and  pressure-tight  repair  of  cracks,  for 
build  up  and,  to  a small  extent,  for  joining  gray  iron  to  other  materials 
where  strength  is  not  a prime  requirement.  The  soldering  material 
normally  employed  has  a pressure  strength  of  approximately  1000 
p.s.i.  One  advantage  of  the  process  is  that  it  will  not  in  any  way  damage 
the  parent  metal,  and  it  is  thus  used  for  repair  of  minor  defects  in 
expensive  castings,  especially  if  such  defects  are  discovered  after 
considerable  machining  has  been  done.  It  is  also  used  on  bearing  and 
gasket  faces. 

Three  typical  methods  used  for  gray  iron  soldering  are  as  follows : 

(1)  A soldering  iron  heated  to  a dull  red  is  often  used  for  repair  of 
small  blowholes,  and  other  minor  defects.  The  metal  surface  must  be 
cleaned  and  various  chloride  base  fluxes  have  been  employed.  In  one 
*With  lengths  exceeding  approximately  eight  times  the  casting  thickness. 
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typical  application,  the  surface  is  cleaned  with  hydrochloric  acid.  The 
usual  solder  will  not  run,  and  may  be  built  up  as  high  as  necessary  < 32  *. 
Some  operators,  particularly  if  any  tinning  difficulties  are  exhibited, 
prefer  to  tin  the  bonding  area  with  a relatively  high  tin  solder  (50% 
or  more  tin)  before  continuing  soldering  with  a usual  solder. 

(2)  Torch  soldering  with  an  oxy-acetylene  flame  is  also  widely 
employed.  The  surface  may  be  cleaned  with  hydrochloric  acid  and  then 
seared  with  an  oxidizing  flame  to  remove  the  graphite.  The  flame  is 
then  adjusted  so  that  there  is  a slight  excess  of  acetylene,  and  the 
solder  is  introduced  as  a filler  rod* 15 * *33*.  Soldering  temperatures  of 
the  order  of  450°  to  500°  F.  are  employed. 

(3)  If  small  castings  are  being  joined  as  parts  of  soldered  assem- 
blies, the  hot-dip  process  employing  a bath  of  molten  solder  may  be 
used.  In  this  process,  it  is  necessary  first  to  insure  a clean  surface  by 
grinding,  turning,  or  shotblasting,  followed  by  degreasing,  and,  still 
better,  by  degraphitization  of  the  surface.*  The  assembly  is  then 
dipped  in  the  molten  solder  bath  through  a layer  of  fused  flux  consist- 
ing of  75%  zinc  chloride,  15%  sodium  chloride  and  10%  ammonium 
chloride*34*. 

Special  soldering  processes  have  recently  been  developed  that  have 
shown  promise  when  used  with  gray  iron.  In  one  of  these  a paste-type 
solder*43*  *44>,  in  which  the  solder  is  suspended  in  a fluxing  medium, 
is  applied  at  temperatures  of  550°  to  600°  F.  A gas  torch  is  normally 
used,  and  vigorous  scrubbing  of  the  heated  surfaces  during  application 
of  the  solder  is  reported  to  dislodge  surface  graphite  and  assure  a 
well-tinned  surface. 

c.  Flash  Welding  . . . Flash  welding  is  a very  rapid  method  of  welding 
together  parts  of  comparable  cross-section.  In  simplest  terms,  flash 
welding  consists  of  bringing  the  parts  to  be  welded  in  contact  and 
passing  a heavy  current  through  this  joint  sufficient  to  produce  local 
arcing  and  fusion  over  the  entire  area  of  the  abutting  metal  faces. 
After  this  resistance  heating  is  substantially  completed,  the  parts 
are  pressed  together,  usually  by  the  use  of  a hydraulic  ram,  thereby 
producing  a resistance  weld  that  closely  approaches  the  parent  metal 
in  strength.  A flash  weld  can  be  completed  in  a matter  of  seconds. 

The  process  has  been  found  to  be  entirely  feasible  as  concerns 
welding  gray  iron  and  by  properly  positioning  the  electrodes  attached 
to  the  parts  to  be  welded  and  adjusting  the  space  between  them,  the 
formation  of  white  iron  at  the  joint  can  be  prevented*45*.  A flash  or 
extrusion  of  metal  occurs  at  the  flash-welded  joint  which  may  be 
machined  or  ground  off  if  necessary.  In  the  case  of  pipe,  which  is  the 

*Degraphitizing  baths  include  Kolene,  Virgo  and  other  proprietary  types. 
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material  most  frequently  submitted  to  this  process,  it  has  been  found 
possible  to  limit  the  amount  of  this  extruded  or  upset  metal  on  the 
interior  of  the  pipe  by  use  of  a copper  mandrel. 

Flash  welding  machines  with  the  necessary  equipment  for  very 
heavy  electric  currents  and  high  pressure  are  comparatively  expen- 
sive , despite  speed  and  ease  of  welding,  an  installation  would  normally 
be  justified  only  on  the  basis  of  a large  volume  of  steady  and  repetitive 
work.  However,  at  least  one  concern  regularly  engaged  in  flash  weld- 
ing a wide  variety  of  metals  reports  that  they  are  set  up  to  flash  weld 
gray  iron  for  any  interested  customer,  and  that  some  of  their  flash 
welded  assemblies,  such  as  carbonizing  towers,  are  now  in  commercial 
use.  Despite  limitations  of  the  process  as  concerns  joining  parts  of 
similar  cross-section,  the  flash  welding  process,  because  of  its  speed 
and  dependability,  deserves  consideration  when  a large  number  of 
similar  gray  iron  units  must  be  welded  together.  The  possibilities  of 

the  process  as  applied  to  castings  have 
evidently  not  been  fully  recognized. 

d.  Pressure  Welding  . . . Pressure  weld- 
ing of  gray  iron  has  reportedly  been  suc- 
cessfully carried  out  on  an  experimental 
scale ( 40  > although  apparently  no  commer- 
cial applications  of  the  process  have  so  far 
been  developed.  The  process  is  of  interest 
since  no  actual  fusion  of  the  gray  iron 
parts  is  necessary. 

The  pressure  welding  process  as  ap- 
plied to  gray  iron,  although  it  undoubted- 
ly must  be  modified,  is  apparently  similar 
to  the  familiar  one  used  for  steel.  The  two 
surfaces  to  be  joined  are  first  prepared  so 
as  to  have  closely  matching  surfaces.  The 
surfaces  are  brought  together  under  pres- 
sure and  heat  applied  to  the  joint  by  an 
oxy-acetylene  torch.  Presumably,  an  in- 
duction coil  could  also  be  used  as  a heat- 
ing medium.  Heating  is  continued  until 
a predetermined  amount  of  upsetting  un- 
der the  applied  pressure  occurs  at  the  heated  joint.  Operating  tem- 
peratures and  degree  of  upset  must  obviously  vary  from  those  em- 
ployed for  steel  in  view  of  the  lower  melting  point  and  limited  hot 
working  properties  of  gray  iron,  but  joint  efficiencies  of  60%  to  99% 
of  the  strength  of  the  base  metal  have  been  reported  in  simple  round 
sections.  The  joint  efficiencies  are  in  the  high  range  when  high 


Fig.  24.  Fracture  through 
joint  of  flash  welded  gray  iron 
pipe  showing  complete  fusion 
and  gray  structure  of  the 
weld. 
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strength  irons  are  employed.  In  this  regard  it  appears  that  very 
high  carbon  content  and/or  a high  phosphorus  content  in  the  iron 
to  be  joined  will  limit  joint  efficiency  and  the  amount  of  upset  that 
can  be  used  before  vertical  heat  cracks  appear  in  the  upset  metal. 

As  previously  noted,  although  pressure  welding  of  gray  iron  has  not 
been  applied  on  any  wide  commercial  scale  and  will  obviously  be 
limited  to  certain  types  of  castings,  it  possesses  at  least  potential 
promise  as  a joining  method  in  the  casting  field.  Since  no  fusion  takes 
place,  the  welds  can  be  kept  gray  and  machinable.  Gray  iron  can 
obviously  be  readily  joined  to  steel  using  this  process  without  effect- 
ing the  machinability  of  the  joint.  This  process,  together  with  other 
welding  processes  which  possess  this  characteristic,  suggest  such 
future  possibilities  as  gray  iron  inserts  to  minimize  vibration,  gray 
iron-steel  bearings,  gray  iron  exhaust  parts  attached  to  steel  sections 
of  turbines,  bimetal  internal  combustion  engines,  etc. 

e.  Bimetal  Castings  . . . Cases  frequently  arise  where  a combination 
of  properties  are  required  in  a casting  that  cannot  be  met  with  any 
single  metal  or  alloy.  In  this  regard,  it  is  of  interest  that  gray  iron 
has  been  successfully  employed  to  produce  bimetal  castings,  that  is, 
integral  castings  composed  of  one  or  more  metals  and  gray  iron.  Such 
castings  can  be  made  by  casting  the  metals  consecutively  in  the  same 
mold  or  one  metal  may  be  cast  against  the  precast,  formed  or  machined 
surface  of  another  metal.  This  process  is  a welding  method  in  so  far 
as  it  involves  formation  of  a bond  or  weld  between  the  two  metals 
sufficiently  strong  to  result  in  a single  integral  assembly.  This  type 
of  bonding  is  of  particular  significance  in  the  case  of  gray  iron  because 
of  gray  iron’s  unusually  good  casting  quality,  the  fact  that  it  can  be 
rendered  fluid  at  comparatively  low  temperatures,  and  its  ability  to 
form  a good  bond  of  this  character. 

Bimetal  castings  are  produced  by  either  static  or  centrifugal 
methods  of  casting.  Static  methods  are  the  oldest,  and  it  has  long 
been  the  practice  in  producing  wear  resistant  rolls  to  cast  a hard 
chilled-iron  composition  into  the  mold,  allow  a hard  crust  to  form, 
and  then  to  rapidly  pour  out  the  unsolidified  core  metal  and  refill  the 
core  and  neck  cavities  with  a soft,  machinable  iron,  or  alternatively 
to  actually  flush  out  the  harder  iron  in  the  core  area  with  a gray  iron. 
In  some  cases  it  is  possible  to  pour  in  tandem,  i.e.,  fill  the  lower  sections 
of  a casting,  such  as  an  inverted  lathe  bed<30>  with  a wear  resistant 
iron  and  the  upper  sections  with  another  softer  type  of  iron.  This 
method  is  also  adapted  to  production  of  steel-cast  iron  composite 
castings;  for  example,  grate  bars  have  been  produced  by  pouring 
steel  into  the  lower  parts  of  a grate  mold  which  included  crank  and  rib 
sections,  and  after  a short  interval  filling  the  mold  cavity  for  the  upper 
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Fig.  25.  Glass  molds  with 
machined  aluminum  fins 
bonded  to  gray  iron  base. 


Fig.  26.  Cross  convector 
radiator  with  aluminum 
fins  bonded  to  gray  iron 
pipe. 


Fig.  27.  Air  compressor  cylinder  with 
aluminum  cooling  fins  bonded  to  gray 
iron. 


Fig.  28.  16  Ms"  x 8"  bimetallic  brake  drum 
with  aluminum  fins  bonded  to  gray  iron 
drum. 
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wearing  face  with  an  alloy  gray  iron  resistant  to  warpage  and  deterior- 
ation(30).  Perfect  fusion  at  the  steel-gray  iron  interface  was  obtained. 

A special  case  of  static  casting  in  which  bimetallic  castings  of  gray 
iron  and  aluminum  are  produced  by  a proprietary  process  has  proved 
useful.  In  this  process  a gray  iron  part  is  first  immersed  in  a bath  of 
molten  aluminum.  When  the  casting  has  reached  the  temperature  of 
the  bath  a reaction  takes  place  at  the  surface  of  the  casting  with  the 
formation  of  an  intermetallic  compound  of  iron  and  aluminum.  The 
gray  iron  is  now  said  to  be  “tinned.”  The  casting  is  then  placed  in  the 
mold  and  molten  aluminum  is  poured  around  it,  fusing  with  the 
“tinned”  coating  to  make  a molecular  bond  between  the  aluminum 
and  the  gray  iron*40)  *41). 

Potential  applications  of  this  process  are  numerous  since  the  final 
casting  can  combine  the  wear  resistance,  heat  resistance,  rigidity  and 
strength  of  gray  iron  with  the  high  thermal  conductivity  and  light 
weight  of  aluminum.  Gray  iron  brake  drums  with  aluminum  cooling 
fins  have  proved  to  be  useful  in  several  applications*48).  Aluminum 
fins  are  also  reported  to  add  to  the  life  and  efficiency  of  glass  molds, 
air  compressor  cylinders,  convector  radiators,  and  many  other  gray 
iron  parts  operating  under  conditions  where  rapid  heat  dissipation 
is  necessary. 

Centrifugal  methods  of  producing  gray  iron  bimetal  castings  are 
of  later  development,  but  possess  some  definite  advantages. 

Very  accurate  control  of  the  thickness  of  each  layer  of  an  integrally 
cast  tube,  for  example,  can  be  assured  by  pouring  a specified  volume  of 
each  material  into  the  revolving  mold.  The  outer  metal  is,  of  course, 
poured  first  into  the  revolving  mold,  and  shortly  after  this  has  solidified, 


Fig.  29.  Fracture  of  centrifugally  cast  tube  showing 
hard  alloy  white  iron  surface  bonded  to  gray  iron  core. 
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the  inner  metal  is  poured.  Composite  tubes  of  gray  iron  combined  with 
white  iron,  steel,  and  nonferrous  metals  are  being  successfully  pro- 
duced by  this  method. 

The  proven  wear  resistance  of  gray  iron  has  been  combined  with  the 
toughness  of  steel  by  providing  a centrifugally  cast  steel  jacket  with 
an  inner  lining  of  gray  iron.  Instead  of  conventional  steel  a stainless 
steel  jacket  can  be  employed  to  confer  additional  corrosion  resistance. 

Chilled  iron  or  Ni-Hard  grinding  rolls  can  be  successfully  combined 
with  a thick  core  of  gray  iron,  thus  providing  a predetermined  and 
controllable  thickness  of  wear  resistant  outer  material  with  a readily 
machinable  interior  to  facilitate  the  insertion  of  driving  shafts. 

The  reverse  of  this  procedure,  in  which  the  abrasion  resistant  ma- 
terial, such  as  Ni-Hard  gray  iron  is  spun  within  a steel  cylinder,  is 
being  tested  for  such  end  uses  as  slush-pump  liners,  Banbury  mixers, 
etc. 

Relatively  high  priced  alloys,  such  as  certain  of  the  stainless  steels 


Fig.  31.  Cross  section  of  one  of  the 
brake  drums  in  Fig.  30. 


Fig.  30.  Centrifugally  cast  brake 
drums  with  gray  iron  wearing  sur- 
faces and  steel  backing. 


and  such  nonferrous  alloys  as  the  Stellites,  Hastelloys,  etc.,  have  been 
combined  with  relatively  low  cost  materials  such  as  gray  irons,  thereby 
limiting  the  consumption  of  the  expensive  alloys  to  the  surfaces  where 
their  use  is  mandatory.  Massive  textile  rolls,  where  most  of  the  weight 
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is  provided  by  a gray  iron  core  and  the  outer  surface  only  consists  of  a 
stainless  steel,  offer  a good  illustration  of  this  type  of  combination ( 49  > . 

It  is,  of  course,  possible  to  use  a fabricated  core  or  outer  shell,  one  of 
the  most  successful  processes  of  this  type  in  use  today  being  the  pro- 
duction of  bimetallic  brake  drums  for  heavy  duty  applications.  Gray 
iron  is  generally  recognized  to  be  the  best  material  for  the  wearing 
surface  of  brake  drums ( 38  however,  in  some  cases  where  high 
stresses  are  involved,  it  is  desirable  that  these  wearing  surfaces  be 
backed  by  a steel  shell.  A low-carbon  steel  is  formed  into  the  required 
outside  profile,  heated  to  approximately  1350°  F.  and  coated  with  a 
flux  of  boron  and  soda  ash.  It  is  then  rotated  at  1000  to  1500  RPM, 
depending  on  the  diameter  of  the  drum,  and  a measured  quantity  of 
molten  gray  iron  is  added.  The  carbon  differential  and  the  centrifugal 
force  combine  to  insure  an  intimate  weld  between  the  gray  iron  and 
the  steel(39).  (See  Figs.  30  and  31.) 

There  are  limitations  to  the  centrifugal  processes.  The  method  is  lim- 
ited to  the  production  of  annular  or  tubular  shapes.  In  any  combination 
of  metals  to  be  made  by  this  method,  the  melting  temperature  of  the 
outer  layer  cannot  be  much  below  that  of  the  inner  metal.  This  can 
at  times  be  a serious  limitation  for  certain  design  considerations. 
From  the  castability  standpoint  there  is  a limit  to  the  thinness  of  the 
cast  layers,  particularly  if  the  outer  material  is  cast  rather  than 
formed. 


VI.  TORCH  AND  ARC  CUTTING  OF  GRAY  IRON 

The  application  of  torch  and  arc  cutting  to  gray  iron  as  an  aid  to 
fabrication  has  not,  as  yet,  been  extensive.  Gray  iron  cutting  has,  in 
fact,  been  largely  confined  to  salvage  or  dismantling  operations  and 
to  the  reduction  of  large  scrap  to  sizes  suitable  for  cupola  charging. 
This  limited  application  of  torch  and  arc  cutting  to  gray  iron  arises 
from  two  main  facts.  First,  the  necessity  for  cutting  does  not  arise 
as  often  in  the  case  of  gray  iron  as  in  the  case  of  wrought  steel  because 
of  the  design  flexibility  inherent  in  the  casting  process  and  the  fact 
that  small  and  medium  size  risers  can  normally  be  removed  by  the 
“nick  and  break”  technique  while  they  would  have  to  be  cut  away  in 
the  case  of  cast  steel.  The  second,  and  possibly  most  significant,  limita- 
tion is  that  until  recently  cutting  processes  in  use  for  gray  iron  were 
slow,  costly  and  yielded  a very  rough  and  uneven  cut.  This  latter 
difficulty  is  generally  associated  with  a number  of  factors,  i.e.,  the 
protection  furnished  the  gray  iron  surface  by  graphite  flakes,  the 
dilution  of  the  oxygen  stream  in  oxygen  cutting  by  carbon  dioxide 
formed  during  oxidation  of  the  graphite  flakes,  and  the  fact  that  the 
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gray  iron  base  metal  has  a lower  melting  point  than  the  oxide  slag 
produced  in  cutting  so  that  a slag  crust  forms  on  the  metal  surface 
protecting  the  metal  underneath ( 19  > from  rapid  enough  oxidation 
to  sustain  cutting. 

These  problems  have  been  solved  in  recently  developed  processes 
either  by  the  use  of  a flux,  which  increases  fluidity  of  the  slag,  or  by 
insuring  that  a high  heat  is  generated  sufficient  to  melt  the  slag  and 
allow  the  operation  to  continue  uninterruptedly. 

It  is  to  be  expected  that  the  uses  of  gray  iron  cutting — now  largely 
limited  to  the  removal  of  lumps  from  ingot  molds,  the  removal  of 
very  large  risers,  the  cleaning  up  of  riser  pads,  and  scrap  cutting — 
will  be  extended  to  facilitating  production  of  gray  iron  assemblies  or 
altering  the  shape  of  existing  castings,  such  as  is  now  done  to  a limited 
extent  in  the  case  of  pipe  or  rolls  which  are  to  be  put  to  new  applica- 
tions. In  any  cutting  operation  it  is  advisable  to  preheat  the  casting 
to  800-1050°  F.,  as  is  done  in  the  case  of  welding  or  cutting  steels  with 
over  0.35%  carbon,  to  avoid  heat  checking.  Preheating  is  sometimes 
omitted  if  the  cut  surface  is  to  be  ground  or  machined  to  a sufficient 
depth  to  remove  any  heat  checks  that  might  form ( 24  > . One  authority 
states  that  with  “powder  cutting”  it  is  frequently  unnecessary  to 
preheat ( 28 > . 

a.  Oxy-Acetylene  Methods  ...  In  the  oxy-acetylene  cutting  methods 
the  heat  is  provided  initially  by  the  combustion  of  acetylene  and 
oxygen;  after  the  casting  has  been  preheated  the  oxygen  is  turned 

on  full  and  the  metal  is  burned 
out  of  the  cut.  The  difficulties 
mentioned  in  the  introduction  to 
this  section  have  been  most  suc- 
cessfully overcome  in  the  oxy- 
acetylene  process  by  two  similar 
techniques. 

In  the  first  case,  iron  powder 
is  injected  in  the  cutting  zone. 
The  additional  heat  supplied  by 
the  combustion  of  this  powder 
raises  the  temperature  of  the 
base  metal  and  of  the  slag  so  that 
no  difficulty  is  encountered  in 
making  a continuous  cut.  The 
powder  also  exercises  a fluxing 
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Fig.  32.  Five-ton  gray  iron  wheels  be- 
ing cut  by  means  of  oxy-acetylene 
powder  cutting. 
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and  erosive  action  which  facilitates  cutting. 

The  surface  at  which  the  cut  is  to  begin  should'  be  well  preheated 
in  the  preheat  flame  of  the  cutting  torch.  On  thick  sections  it  is  often 
advisable  to  begin  the  cut  with  an  intermittent  forward  and  back 
motion  of  the  cutting  torch  until  the  slag  has  begun  to  emerge  from 
the  bottom  of  the  kerf.  The  cutting  may  then  proceed  in  a straight 
line.  Lower  cutting  speeds  and  higher  oxygen  and  powder  flow  are 
necessary  on  irons  with  high  graphitic  carbon  or  with  high  alloy 
contents*28). 

An  alternate  method  involves  the  injection  of  a non-metallic  flux 
into  the  oxygen  stream.  This  flux  combines  with  the  refractory  oxides 
and  lowers  the  melting  point  of  the  slag*10)  *24>. 

An  older  cutting  method  which  was  generally  used  on  gray  iron 
before  development  of  the  powder  or  flux  variations  employs  only  a 
standard  oxy-acetylene  cutting  torch.  It  is  a slower,  more  difficult 
process,  but  it  is  valuable  if  only  a few  pieces  are  to  be  cut  in  that  no 
special  equipment  is  required.  The  surface  where  the  cut  is  to  be 
started  and  the  line  of  the  cut  should  be  thoroughly  heated  with  the 
preheat  flame  operating  with  an  excess  of  acetylene.  In  some  cases 
it  may  be  advisable  to  preheat  the  entire  casting.  Next,  a semicircle 
V2"  to  %"  in  diameter  at  the  starting  point  is  heated  until  it  is  molten. 
The  oxygen  is  then  turned  on  full  and  the  cut  is  begun  with  the  torch 
at  an  angle  of  45°  to  the  workpiece.  A swinging  or  oscillating  motion 
must  be  used,  and  this  motion  is  continued  throughout  the  cutting 
operation.  As  the  cut  progresses  the  torch  may  be  straightened  until 
it  is  almost  perpendicular  to  the  workpiece,  but  this  should  not  be  done 
at  the  expense  of  losing  the  cut. 

Special  difficulties  may  be  encountered  with  older  methods.  If  the 
casting  is  of  a type  that  is  difficult  to  cut  (either  a high  carbon  or  an 
alloy  iron,  or  one  containing  excessive  sands  and  slag  inclusions)  it 
may  be  advisable  to  use  a steel  rod  melted  in  the  flame  as  a flux.  If  the 
cut  is  lost,  a small  quantity  of  aluminum  shot  may  be  put  in  the  kerf ; 
the  oxidation  of  the  aluminum  giving  enough  heat  to  remelt  the  iron. 
On  thin  sections  it  is  very  difficult  to  carry  on  the  cutting  process 
continuously  using  this  older  method  rather  than  the  newer  recom- 
mended methods,  and  a series  of  stops  and  starts,  in  which  the  process 
is  begun  again  at  the  first  step  each  time  the  cut  is  lost,  may  be  neces- 
sary * 1 ) < 47 ) . 

b.  Arc  Methods  . . . Arc  methods,  though  they  are  not  very  frequently 
used  for  gray  iron  cutting,  offer  some  advantages  in  special  cases.  They 
do  not  produce  as  smooth  a cut  as  do  the  oxy-acetylene  methods,  but 
they  are  more  rapid,  especially  for  the  cutting  of  thin  sections  and 
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round  sections,  such  as  pipe.  For  most  arc  cutting  methods,  a minimum 
of  special  equipment  is  needed. 

There  are  three  arc  cutting  techniques  which  have  been  successfully 
used  on  gray  iron: 

1.  Carbon  arc  cutting  has  been  used  with  some  success.  A graphite 
electrode  is  preferred  and  special  holders  are  necessary  because  of  the 
high  currents  involved ( 48  > . 

2.  Special  flux-coated  electrodes  have  been  employed  for  cutting 
gray  iron.  One  of  the  most  useful  of  these  employs  a coating  of  thermit 
mix  which  provides  additional  heat  to  facilitate  arc  cutting  < 35  > < 50  > . 

3.  The  oxygen-arc  method,  employing  a hollow  electrode,  has  also 
been  used  with  considerable  success  in  the  cutting  of  pipe  and  other 
thin  sections ( 51  > . An  arc  is  first  struck  and  a small  portion  of  the 
casting  melted.  A stream  of  oxygen  is  then  directed  at  the  heated  area 
through  the  hollow  electrode  and  cutting  may  proceed  rapidly* 35  > *48>. 
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CHAPTER  EIGHT:  MACHINING  AND  GRINDING 
PART  I.  MACHINING 

I.  INTRODUCTION 

The  machining  operations  in  production  are  often  exten- 
sive or  involved  and  commonly  constitute  one  of  the  larger  items  in 
production  cost.  For  this  reason,  the  excellent  machinability  of  iron 
castings  is  one  of  their  important  properties.  The  machining  process 
should  be  carefully  studied  so  that  the  required  quantity  and  quality 
can  be  obtained  at  minimum  cost.  The  study  should  establish  the  opti- 
mum combination  of  material,  machine,  tooling,  and  procedure.  The 
processing  cost,  including  machining,  is  usually  a consideration  in  the 
selection  of  a material;  and  it  is  not  unusual  to  have  the  cost  of  the 
machining  be  many  times  the  cost  of  the  material.  In  many  cases,  how- 
ever, where  other  requirements  entirely  dominate  the  material  selec- 
tion, the  study  is  one  of  establishing  the  optimum  conditions  for 
machining  the  required  material. 

The  relative  machinability  of  materials  may  be  established 
on  the  basis  of  three  factors: 

a.  Tool  life 

b.  Power  requirements 

c.  Machined  surface  quality 

Of  these,  tool  life  is  usually  the  most  important.  Electric  power  is 
relatively  inexpensive,  and  modern  machine  tools  are  adequately  pow- 
ered to  utilize  modern  cutting  tools  up  to  the  structural  limitations 
of  the  machine.  The  surface  quality  factor  includes  both  surface  finish 
and  dimensional  tolerances.  On  finish  cuts,  where  a fine  finish  or  pre- 
cision dimensions  are  required,  feeds  and  permissible  tool  dullness 
are  dictated  by  these  surface  quality  requirements. 

In  high  production,  the  most  important  of  the  machina- 
bility factors  is  tool  life,  because  of  the  high  cost  of  “down  time”  and 
tool  replacement.  Tool  life  is  defined  as  the  amount  of  use  required 
to  dull  a cutting  tool  to  the  condition  where  it  should  be  removed, 
either  because  of  work  quality  or  so  that  the  tool  can  be  economically 
reground.  The  life  may  be  expressed  in  terms  of  minutes  of  satisfac- 
tory operation  or  as  cubic  inches  of  metal  removed  per  unit  of  depth 
of  cut.  The  latter  unit  is  used  here.  Cubic  inches  per  inch  in  depth 
has  been  selected  for  expressing  tool  life  to  simplify  application  of 
these  data  in  the  shop. 

As  the  tool  dulls,  wear  occurs  on  the  nose,  face,  and  flank 
of  the  tool.  Typical  wear  on  a cutting  tool  is  shown  in  Figure  1.  As 
tool  wear  progresses,  the  surface  finish  on  the  work  usually  becomes 
poorer,  the  power  required  increases,  and  work  dimensions  become 
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Fig.  1.  Typical  Wear  on  a Cutting 
Tool,  Showing  the  Wear  Land  That 
Is  Measured  in  Evaluating  Tool 
Life. 


less  accurate.  Excessive  wear  may  cause  the  tool  to  break  and  dam- 
age the  work.  With  carbide,  economical  resharpening  is  a common 
service  life  limitation.  The  appearance  of  .030  inches  wear  on  the 
flank  of  the  tool  is  generally  considered  a good  stopping  point  for 


Fig.  2.  Using  a Brinell  Microscope  to 
Measure  Tool  Wear. 


this  purpose.  High  speed  steel  is  more  easily  resharpened  and  is 
not  so  limited.  Figure  2 shows  how  tool  wear  can  be  measured  with 
a graduated  hand  microscope,  such  as  is  used  for  determining  Brinell 
hardness. 
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The  information  that  follows  is  intended  as  a practical 
guide  to  the  machining  of  iron  castings.  Its  purpose-  is  to  present  the 
basic  factors  that  underlie  the  process  as  well  as  to  make  specific 
recommendations,  for  most  types  of  machining  operations. 

II.  SELECTION  OF  TOOL  MATERIAL 

A.  GENERAL  ...  A number  of  different  tool  materials  are  available 
to  the  tool  engineer.  Each  one  has  definite  characteristics  which  make 
it  suitable  for  a variety  of  jobs.  Basically,  cutting  tool  materials  used 
in  the  machining  of  iron  castings  can  be  grouped  into  three  classes: 

1.  High  speed  steels 

2.  Cast  non-ferrous  alloys 

3.  Sintered  carbides 

A fourth  group,  ceramic  tools,  should  be  mentioned,  since  this  type 
of  tool  shows  excellent  promise,  but  it  is  so  new  that  very  little  data 
are  available  for  inclusion. 

B.  HIGH  SPEED  STEELS  . . . High  speed  steels  are  produced  in  a num- 
ber of  compositions,  but  these  can  be  classified  into  three  basic  groups: 

1.  Tungsten  high  speed  steels 

2.  Molybdenum  high  speed  steels 

3.  Tungsten-molybdenum  high  speed  steels 

In  addition  to  these  basic  types,  special  grades  containing  cobalt  and 
a larger  percentage  of  vanadium  are  often  used.  The  cobalt  raises  the 
tempering  temperature  of  a steel,  thus  allowing  the  tool  to  be  used 
at  higher  cutting  speeds  where  higher  tool  temperatures  occur.  The 
vanadium  is  added  for  abrasion  resistance  and  increasing  strength 
at  the  higher  temperatures.  The  combination  tungsten-molybdenum 
steels  were  developed  to  overcome  the  decarburization  characteristics 
of  the  straight  molybdenum  steels  and  to  save  tungsten,  which  is  a 
strategic  material. 

C.  CAST  ALLOYS  . . . The  non-ferrous  cast  alloy  cutting  tools  are  gen- 
erally of  the  cobalt-chromium-tungsten  variety.  These  materials  are 
hard  in  the  as-cast  condition  and  do  not  respond  to  heat  treatment. 
As  a result,  tools  made  of  the  cast  alloy  materials  have  high  red  hard- 
ness and  strength.  These  materials  can  be  used  roughly  at  twice  the 
surface  cutting  speed  of  ordinary  high  speed  steel  tools. 

The  major  application  of  the  cast  alloy  tool  materials  for 
the  machining  of  cast  iron  is  in  form-turning  operations.  Cast  alloy 
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TABLE  I.  CARBIDE  TRADE  NAME  REFERENCE  CHART 
OF  RECOMMENDED  GRADES 


TRADE 

NAME 

ROUGHING 

CUTS 

GENERAL 

PURPOSE 

GENERAL 

FINISHING 

CUTS 

PRECISION 

FINISHING 

ADAMAS 

B 

A 

AA 

AAA 

CARBOLOY 

44A 

883 

905 

999 

CARMET 

CA3 

CA4 

CA7 

CA8 

FIRTHITE 

H 

HA 

HE 

HF 

KENNAMETAL 

K6 

K6 

K8,  K1 1 

K1 1,  K8 

TALIDE 

C88 

C91 

C93 

C95 

VASCOLOY 

2A68 

2A5 

2A7 

— 

WESSON 

GS 

G1 

GA 

GF 

WILLEY 

E-8 

E-6 

E-5 

E-3 

Note:  Where  two  grade  recommendations  are  shown,  the  first  is  preferred. 


tools  are  also  used  on  interrupted  cuts  where  carbide  tools  may  chip 
or  break  and  where  work  material  hardness  prevents  the  satisfactory 
use  of  high  speed  steel  tools. 

Typical  cast  alloy  grades  used  in  the  machining  of  cast  iron 
are  Haynes  Stellite  Co.’s  Stellite  98M2,  Vascoloy  Ramet’s  Tantung  G, 
and  Crucible  Steel  Company’s  Rexalloy. 

D.  CARBIDES  . . . Sintered  carbides  are  extensively  used  in  the  ma- 
chining of  cast  iron.  Carbides  made  for  machining  cast  iron  consist 
essentially  of  tungsten  carbide  and  are  made  by  powder  metallurgy. 
The  primary  advantages  of  carbides  are  their  great  strength,  abra- 
sion resistance,  and  hardness  even  when  red  hot.  Table  I gives  the 
various  manufacturers’  recommendations  for  their  grades  of  carbides 
to  be  used  in  machining  cast  iron. 

In  recent  years  the  use  of  clamped-on  carbide  tools  has 
become  popular.  These  inserts,  which  are  clamped  in  the  tool  holder, 
generally  have  more  than  one  cutting  edge  and  can  be  rotated  or  in- 
dexed to  a new  cutting  edge  when  one  becomes  dull.  When  all  of  the 
edges  are  dulled,  the  carbide  insert  is  resharpened.  The  throw-away 
type  of  carbide  tool  makes  use  of  an  insert  blank  which  is  less  than 
%"  thick,  and  sufficiently  inexpensive  so  that  when  its  edges  are  dull 
it  can  be  discarded  rather  than  reground. 

The  use  of  insert-type  milling  cutters  is  an  advantage  in 
that  individual  teeth  may  be  replaced  if  they  are  damaged. 
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TABLE  II:  TABLE 

OF  EQUIVALENTS  FOR  CUTTING  TOOL 

ELEMENTS 

LATHE  AND  PLANER 

MILLING  CUTTER 

DRILL 

BROACH 

CO 

LU 

(J 

(Single-point  tools) 

(One  tooth) 

(Approximately  corresponding) 

< 

U_ 

TOOLFACE 

TOOTHFACE 

FLUTE  SURFACE 

TOOTHFACE 

DU 

-J 

SIDE  FLANK 

PERIPHERAL  FLANK 

MARGIN 

SIDE  FLANK 

END  FLANK 

END  FLANK 

LAND 

END  FLANK 

SIDE  CUTTING  EDGE 

PERIPHERAL  CUTTING  EDGE 

MARGIN  EDGE 

SIDE  CUTTING  EDGE 

LU 

O 

END  CUTTING  EDGE 

END  CUTTING  EDGE 

LIP 

END  CUTTING  EDGE 

Q 

NOSE 

TOOTHPOINT 

NO  NAME 

NONE 

BACK  RAKE 

AXIAL  RAKE1 

HELIX  ANGLE1 

BACK  RAKE 

SIDE  RAKE 

RADIAL  RAKE 

RADIAL  RAKE2 

SIDE  RAKE 

SIDE  CUTTING-EDGE  ANGLE 

CORNER  ANGLE 

V2  POINT  ANGLE 

ZERO 

CO 

LU 

END  CUTTING-EDGE  ANGLE 

END  CUTTING-EDGE  ANGLE 

NONE 

ZERO 

o 

z 

< 

RESULTANT  RAKE 

RESULTANT  RAKE 

RESULTANT  RAKE 

RESULTANT  RAKE 

INCLINATION 

INCLINATION 

INCLINATION 

INCLINATION 

SIDE  RELIEF 

PERIPHERAL  CLEARANCE 

NONE 

CLEARANCE 

END  RELIEF 

END  CLEARANCE 

CLEARANCE 

CLEARANCE 

’In  all  cutting  tools  whose  cutting  edge  is  a helix,  e.g.  slab  mills,  reamers,  and  an  oblique-cutting 
broach  (whose  edge  is  helix  of  infinite  radius),  axial  rake  = inclination  = helix  angle. 

2Radial  rake  in  drilling  = arc  sin  web  thickness  -r-  drill  diameter. 


Fig.  3.  See  caption  on  following  page. 
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III.  GRINDING  CUTTING  TOOLS 


CUTTING  EDGE 


A.  GENERAL  . . . The  productivity  and  cost  of  the  machining  operation 
depends  to  a great  extent  upon  the  care  that  has  gone  into  the  sharp- 
ening of  the  cutting  tools.  To  achieve  efficient  machining,  the  tool 
must  be  sharpened  correctly.  All  of 
the  damage  and  wear  due  to  pre- 
vious use  must  be  removed,  correct 
tool  geometry  and  a fine  finish  should 
be  obtained.  Only  then  can  efficient 
operation  be  expected. 

The  selection  of  the  prop- 
er grinding  wheel  for  each  tool 
sharpening  operation  is  most  im- 
portant, and  the  wheel  manufactur- 
er’s recommendations  should  be  fol- 
lowed. Tool  angle  nomenclature  for 
various  tools  is  given  in  Table  II  and 
Figure  3. 


B.  THE  MACHINE  . . . Cutter  grind- 
ing machines,  whether  simply  stand 
grinders  for  off-hand  grinding,  or 
complex  machines,  should  be  kept  in 
good  condition.  It  is  important  that 
spindles  should  be  free  from  vibra- 


Fig.  4.  Photomicrograph  of  a Car- 
bide Tool  Tip  with  Heat  Cracks  De- 
veloped by  Careless  Grinding. 


Fig.  5.  Dressing  a Dia- 
mond Grinding  Wheel 
with  Pumice. 
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USE  THE  ENTIRE 
WORKING  FACE  OF  THE 
WHEEL. 

THIS  MAINTAINS 
WHEEL’S  PROFILE 
INDEFINITELY. 


KEEP  THE  TOOL 
CONTINUALLY  IN 
MOTION  WHILE 
GRINDING  IT. 


GRIND  THE  TOP  FACE 
OF  THE  TOOL’S  TIP 
FIRST. 


GRIND  AGAINST  THE 
TOOL’S  CUTTING  EDGE— 
THAT  IS,  FROM  TIP 
TO  SHANK. 


USE  THE  TABLE  TO  GUIDE 
THE  TOOL  AND  THE 
PROTRACTOR  IF  ANGLES 
ARE  TO  BE  HELD  CLOSELY. 


Fig.  6.  Recom- 
mended Steps  in 
the  Grinding  of 
Single  Point  Car- 
fa  i d e Cutting 
Tools. 


tion  and  end  play,  and 
that  the  machines 
should  be  kept  clean. 
This  provides  the  op- 
portunity as  well  as 
some  incentive  to  do 
accurate  grinding. 

In  wet  grind- 
ing, the  flow  of  coolant 
should  be  steady.  If 
the  coolant  flow  is  in- 
termittent, alternate 
heating  and  quenching 
can  occur,  and  may  re- 
sult in  heat  checking 
or  cracking  of  the  car- 
bide. Figure  4 shows 
an  enlarged  view  of 
heat  checks  in  carbide. 
The  cracks  are  micro- 
scopic in  size,  but  can 
cause  tool  failure. 

In  dry  grind- 
ing care  must  be  taken 
not  to  overheat  a tool. 
On  high  speed  steel 
tools,  overheating  will 
temper  the  tool  and 
cause  it  to  lose  hard- 
ness. If  the  cutting 
edge  has  been  discol- 
ored in  grinding,  tem- 
pering due  to  over- 
heating has  taken 
place.  This  cannot  be 
corrected  by  just  re- 
moving the  discolora- 
tion or  polishing  the 
cutting  tool  surfaces. 
When  the  tool  surface 
has  been  tempered,  the 
soft  section  will  ex- 


468 


MACHINING  AND  GRINDING 


tend  into  the  tool  for  some  distance,  depending  upon  the  severity  of 
the  overheating,  and  all  of  the  softened  metal  must  be  ground  away 
in  order  to  regain  a cutting  edge  of  original  hardness. 

Grinding  wheels  must  be  kept  sharp  and  clean  with  suit- 
able dressing  devices.  Diamond  wheels  are  best  dressed  with  pumice, 
Figure  5.  It  a diamond  wheel  becomes  very  badly  worn,  it  can  be 
reconditioned  by  rotating  it  very  slowly  and  grinding  it  with  a soft, 
porous  aluminum  oxide  wheel. 

In  regular  tool  grinding,  aluminum  oxide,  silicon  carbide 
and  diamond  wheels  should  be  run  at  5,000  to  6,000  surface  ft/min. 

C.  GRINDING  SINGLE  POINT  TOOLS  ...  In  grinding  single  point  tools, 
the  wheel  should  always  revolve  down  into  the  cutting  edge.  The  tool 
should  be  kept  in  motion  to  prevent  localized  heating  and  to  prevent 
localized  wear  on  the  face  of  the  grinding  wheel.  The  top  face  of  the 
tool  should  be  ground  first ; then  the  side  and  front  reliefs,  and,  finally, 
the  nose  radius.  Chip  breakers  are  not  required  in  machining  gray 
cast  iron.  A picture  series  on  the  grinding  of  single  point  carbide 
tools  is  shown  in  Figure  6. 

In  grinding  carbide  tools,  the  steel  shank  should  first  be 
ground  away  on  a suitable  aluminum  oxide  wheel.  If  a tool  is  badly 
worn  or  broken  and  a “green  grit”  silicon  carbide  wheel  is  used  to  hog 
off  materia],  both  carbide  and  steel  shank  can  be  ground  on  the  same 
wheel.  But  a steel  shank  should  never  be  ground  on  a diamond  wheel, 
because  it  tends  to  load  the  wheel  and  reduce  its  life. 

D.  GRINDING  MULTI-TOOTH  TOOLS  . . . 

1.  Milling  Cutters:  In  most  milling  cutter  grinding  opera- 
tions, the  wheel  is  rotated  up  and  away  from  the  cutting  edge  of  the 
tool  for  purposes  of  safety. 

In  grinding  high  speed  steel  or  cast  alloys,  in-feeds  should 
not  exceed  .002  in.  for  roughing,  and  .001-. 002  in.  for  finishing.  In 
grinding  carbides,  roughing  in-feeds  should  not  exceed  .0005  in.,  and 
finishing  feeds  .0003  in. 

2.  Broaches:  In  grinding  broaches,  special  care  must  be 
taken  to  produce  a fine  finish  on  the  teeth  and  not  to  overheat  them. 
In-feeds  should  not  exceed  .001-.0015  in.  on  high  speed  steel  and 
.0003-.0005  in.  on  carbide. 

Broaches  usually  are  sharpened  by  grinding  the  face  of  the 
teeth.  When  the  teeth  get  too  thin  after  about  one-third  of  the  tooth 
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width  has  been  ground  away,  the  broach  is  reprocessed  by  grinding 
the  top  of  teeth.  Care  should  be  exercised  in  obtaining  the  correct 
rake  or  hook  angle  and  in  reproducing  the  original  chip  space  or  foot 
radius.  If  this  radius  is  ground  incorrectly,  poor  work  finish  and  even- 
tual tooth  breakage  may  result. 

TABLE  III.  COMMON  CAUSES  OF  DRILL  FAILURES  WITH  REMEDIES 


SYMPTOMS 

PROBABLE  CAUSE 

REMEDY 

BREAKING  of  drill 

Spring  or  back  lash  in  press 
or  work. 

Too  little  lip  clearance. 

Too  low  speed  in  proportion 
to  the  feed. 

Dull  drill. 

Improper  chip  clearing  by 
drill. 

Test  press  and  work  for 
rigidity  and  alignment. 
Regrind  properly. 

Increase  speed  or  decrease 
feed. 

Sharpen  drill. 

Correct  application. 

BREAKING  down  of  outer 
corners  of  cutting  edges. 

Material  being  drilled  has 
hard  spots,  scale  or  sand  in- 
clusions. 

Too  much  speed. 

Improper  cutting  compound. 
No  lubricant  at  point  of  drill. 
Improper  chip  clearing  by 
drill. 

Reduce  speed. 

Use  proper  cutting  com- 
pound. 

Correct  application. 

BREAKING  of  drill  when 
drilling  brass  or  wood. 

Chips  clog  up  flutes. 

Increase  speed. 

Use  drills  designed  for  these 
materials. 

BROKEN  TANG. 

Imperfect  fit  of  taper  shank 
in  the  socket — due  to  nicks, 
dirt,  burrs  or  worn  out  socket. 

Get  a new  socket  or  ream 
old  one  to  prevent  recur- 
rence. 

CHIPPING  of  margin. 

Oversize  jig  bushing. 

Use  proper  size  bushing. 

CHIPPING  of  lip  or  cutting 
edges. 

Too  much  feed. 

Too  much  lip  clearance. 

Reduce  feed. 

Regrind  properly. 

CHIPPING  or  checking  of  a 
high  speed  drill. 

Heated  and  cooled  too 
quickly  while  grinding  or 
while  drilling. 

Too  much  feed. 

Warm  slowly  before  using. 
Do  not  throw  cold  water  on 
hot  drill  while  grinding  or 
drilling. 

Reduce  feed. 

HOLE  too  large. 

Unequal  angle  or  length  of 
the  cutting  edges — or  both. 
Loose  spindle. 

Regrind  properly. 

Test  spindle  for  rigidity. 

ONLY  one  lip  cutting. 

Unequal  length  or  angle  of 
cutting  lips  or  both. 

Regrind  drill  properly. 

SPLITTING  up  center. 

Too  little  lip  clearance. 

Too  much  feed. 

Regrind  with  proper  lip 
clearance. 

Reduce  feed. 

ROUGH  HOLE 

Dull  or  improperly  ground 
drill.  Lack  of  lubricant  or 
wrong  lubricant. 

Improper  set-up. 

Too  much  feed. 

Regrind  properly. 

Lubricate  or  change  lubri- 
cant. 

Reduce  feed. 

Usually  a fine  burr  is  left  on  the  broach  teeth  after  sharp- 
ening. In  some  instances,  the  broach  can  be  placed  on  the  machine  in 
this  condition  and  the  burr  will  be  removed  by  the  workpiece  during 
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the  first  trial  cut  in  set-up.  To  improve  finish  and  tool  life,  this  burr 
should  be  removed  by  use  of  a copper  lapping  stick;  a fine  steel  brush, 
or  by  vapor  honing. 


3.  Drills:  Less  attention  usually  is  paid  to  the  sharpening 


of  drills  than  to  the  recon- 
ditioning of  any  other  tool, 
although  poor  finish,  run- 
out, oversize,  and  out-of- 
roundness  can  be  attributed 
directly  to  poorly  maintain- 
ed drills.  For  efficient  and 
accurate  drilling,  the  two 
cutting  lips  must  be  of 
equal  length.  The  point  and 
clearance  angles  must  be 
correctly  maintained.  It  is 
definitely  recommended 
Fig.  7.  A Drill  Being  Sharpened  Correctly.  that  drills  be  machine 

sharpened,  Figure  7.  Some 
of  the  common  causes  of  drill  failures  and  their  cures  are  given  in 
Table  III. 


Fig.  8.  Sharpening  a Reamer  by 
Grinding  a Chamfer. 


4.  Reamers:  Machine  reamers  are  sharpened  by  removing 
the  wear  on  the  chamfer.  Figure  8.  In  the  case  where  a reamer  has  a 
starting  taper,  the  tapered  section  is  reground.  Care  should  be  taken 
to  produce  a fine  finish  on  the  teeth.  It  is  recommended  that  reamers 
be  frequently  checked  for  straightness  and  runout  as  they  can  be 
sprung  sufficiently  to  be  inaccurate  without  being  obviously  bent. 
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IV.  MACHINING  APPLICATION 

A.  MACHINE  TOOL  REQUIREMENTS  . . . 

1.  Rigidity:  Rigidity  in  a machine  tool  is  of  utmost  im- 
portance for  good  tool  life,  surface  finish,  and  dimensional  control. 
The  presence  of  vibration  or  chatter  will  usually  result  in  decreased 
tool  life,  poor  surface  finish,  difficulties  in  holding  dimensions,  and 
broken  cutters. 

Rigidity  in  a machining  operation  depends  on  a number  of 
factors  such  as: 

a.  The  basic  design  of  the  machine 

b.  The  condition  of  the  machine  (looseness  in  bearings, 
spindles,  gibs,  etc.)  due  to  wear  or  misadjustment 

c.  The  amount  of  tool  overhang 

d.  Fixture  design  and  workpiece  set-up 

e.  Work  geometry  (thin  sections,  etc.) 

If  a machine  is  overloaded  structurally,  chatter  usually  re- 
sults. The  selection  of  feed  is  often  based  on  the  maximum  the  ma- 
chine can  take  without  the  development  of  serious  chatter.  When  the 
original  set-up  is  made,  the  cutting  tool  is  sharp.  As  the  tool  begins  to 
dull,  the  forces  on  the  tool,  the  workpiece  and  the  machine  increase 
rapidly.  If  a feed  or  depth  of  cut  is  selected  to  load  the  machine  to  its 
full  capacity  when  the  tool  is  sharp,  dulling  of  the  tool  will  overload 
the  machine  and  can  result  in  chatter  or  even  tool  breakage. 

Looseness  in  any  of  the  moving  parts  of  the  machine  tool 
is  a source  of  chatter  in  machining.  This  is  especially  the  case  for  in- 
terrupted cuts  as  in  milling.  The  higher  cutting  speeds  also  make  bal- 
ance important.  With  high  centrifugal  forces  on  the  rotating  parts, 
lack  of  balance  tends  to  induce  chatter  in  a machine  tool. 

In  drilling  and  reaming,  the  shortest  possible  tool  for  the 
job  should  be  used.  If  a long  tool  is  unavoidable,  it  should  be  given 
proper  support  to  obtain  the  required  finish  and  accuracy.  Broaches 
must  be  well  supported  along  their  entire  length  and  the  work  must 
be  rigidly  clamped  and  well  backed  up,  because  unusually  heavy  pres- 
sures are  typical  in  this  operation.  It  is  also  good  practice  to  check  out 
sub-bars  periodically  to  determine  that  they  are  square  and  parallel. 
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2.  Power  Requirements:  The  power  required  in  machining 
depends  on  several  factors,  some  being  interrelated: 

a.  Type  of  machining  operation 

b.  Hardness  and  microstructure  of  workpiece 

c.  Cutting  speed 

d.  Feed,  depth  and  width  of  cut 

e.  Tool  angles 

f.  Sharpness  of  cutter 

A convenient  term  for  defining  the  power  required  to  re- 
move metal  at  a given  rate  is  unit-horsepower,  hpc,  the  horsepower 
per  cubic  inch  per  minute.  The  total  horsepower  required  at  the  cut- 
ting tool  then  is  the  product  of  unit  horsepower  and  rate  of  metal  re- 
moval. For  several  typical  machining  operations,  the  rate  of  metal 
removal  is  calculated  as  follows : 

Turning  = feed/rev  x depth  of  cut  x 12  x cutting  speed  in  ft/min. 
Milling  = feed/tooth  x no.  of  teeth  x RPM  x cut  depth  x cut  width 
7T  D2 

Drilling  = — x feed/rev  x rev/min.  (D  = dia.  of  drill) 

Planing  = feed/stroke  x depth  of  cut  x 12  x cutting  speed  in  ft/min. 

The  horsepower  of  the  motor  is  then  obtained  by  dividing  the  cutter 
horsepower  by  the  efficiency  of  the  machine  tool  which  is  usually 
about  80%. 


TABLE  IV. 

POWER  REQUIREMENTS  FOR  MACHINING  CAST  IRON  WITH  A SHARP  CUTTER 
Feed  .010  — .012  in/rev,  or  per  tooth,  etc. 


OPERATION 

HP/cu.  in. /min.  at  Cutter 

SOFT  IRON 
160—193  BHN 

MEDIUM  IRON 

193  — 220  BHN 

HARD  IRON 

220  — 240  BHN 

Turning 

.6 

.7 

.75 

Planing 

.45 

.5 

.55 

Drilling 

.55 

.6 

.65 

Milling 

.6 

.65 

.70 
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Fig.  9.  Unit  Power  vs. 
Feed  per  Tooth  in  Car- 
bide Milling. 


Except  in  the  fully  annealed  condition,  all  of  the  cast  irons 
require  about  the  same  power  in  machining.  The  differences  are  neg- 
ligible when  one  realizes  that  the  power  consumption  may  increase  as 
much  as  300  per  cent  as  a result  of  the  cutter  becoming  dull.  General 
values  for  the  power  requirements  of  various  machining  operations, 
with  sharp  cutters,  are  listed  in  Table  IV.  Note  that  the  horsepower 
readings  are  given  for  feeds  of  about  .010  in.  This  is  important  since 
the  power  used  is  a function  of  the  feed.  The  HP/cu. in./minute  re- 
quired for  cutting  decreases  as  the  feed  is  increased.  This  is  demon- 
strated for  milling  in  Figure  9.  With  a sharp  cutter,  machining  a 
pearlitic  iron  at  a feed  of  0.002  in/tooth,  the  power  requirement  was 
0.8  HP/cu. in. /min.,  while  at  a feed  of  0.020  in/tooth  the  power  con- 
sumption was  only  .50  HP/cu. in./min. 

The  effect  of  sharpness  of  the  cutter  on  power  require- 
ments is  also  illustrated  in  Figure  9.  Note  that  the  power  require- 
ments for  milling  a pearlitic  iron  increased  as  the  cutter  dulled. 

It  is  thus  obvious  that,  in  determining  the  power  require- 
ment for  a machine  tool  motor,  allowances  should  be  included  for  dull- 
ing of  the  cutter  as  well  as  for  the  efficiency  of  the  transmission  with- 
in the  machine.  Power  requirements  are  also  considered  in  Section  IV 
under  the  recommendations  for  each  type  of  machining  operation. 

3.  Maintenance:  Good  machine  maintenance  is  a “must”  for 
efficient  operation.  It  is  impossible  to  maintain  the  production  of  qual- 


.001  .002  .004  .006  .010  .020  .040 

Feed  per  Tooth— Inches 
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ity  work  with  equipment  that  is  in  need  of  repair.  Spindles  must  be 
kept  free  from  end  play ; bearings  and  gibs  must  be  properly  adjusted. 
It  is  also  well  to  level  all  pieces  of  equipment  periodically.  The  starting 
point  for  good  maintenance  is  a cleanly  kept  machine. 

V.  THE  MACHINING  PROPERTIES  OF  IRON  CASTINGS 

There  are  three  conditions  by  which  a material  can  be 
readily  evaluated  in  the  machining  operation.  They  are : 

1.  The  life  of  a tool  in  cutting  the  material 

2.  The  quality  of  surface  finish  obtained 

3.  The  tendency  for  the  work  to  distort  when  machined 
These  will  be  discussed  in  this  order. 

A.  TOOL  LIFE  . . . 

1.  Introduction:  Economically,  tool  life  is  generally  the 
most  important  of  the  machinability  factors,  and  it  is  commonly  used 
to  evaluate  the  ease  with  which  a material  may  be  machined.  As  stated 
in  the  Introduction  to  this  chapter,  the  wear  on  the  flank  of  the  tool 


Fig.  10.  A Typical 
Tool  Life  Curve. 

The  total  volume  of 
metal  removed  is  re- 
lated to  cutting  speed. 
The  peak  at  300  sur- 
face feet  per  minute  is 
typical. 
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Fig.  11.  The  Effect  of 
Feed  on  Tool  Life  at 
290  Surface  Feet  per 
Minute. 


is  an  effective  yardstick  for  evaluating  tool  life.  When  the  wear  reaches 
a predetermined  amount  (.030  in.  for  carbide  tools),  the  volume  of 
metal  removed  is  calculated  and  the  machining  time  is  noted.  This 
makes  it  possible  for  curves  to  be  drawn  for : 

a.  Volume  of  Metal  Removed  vs.  Cutting  Speed 

b.  Tool  Life  in  Minutes  vs.  Cutting  Speed 


The  most  practical  cutting  speed  and  production  rates  may 
be  determined  from  these  curves.  The  tool  life  curves,  which  are 
shown,  relate  volume  of  metal  removed  to  cutting  speed.  In  order  for 
the  term  “volume  of  metal  removed”  to  have  significance,  the  depth  of 
cut  must  be  specified.  In  these  curves,  the  values  for  tool  life  are  ex- 
pressed in  cubic  inches  of  metal  removed  for  a one  inch  depth  of  cut. 
With  this  unit  depth,  the  data  on  a curve  may  be  conveniently  con- 
verted to  any  desired  depth  of  cut  by  changing  the  value  for  metal 
removed  in  direct  proportion  to  the  depth  of  cut  being  considered.  For 
example,  if  the  depth  of  cut  is  .250  in.,  the  volume  of  metal  removed 
will  be  one-fourth  that  cited  in  the  tool  life  curves.  The  tool  life,  in 
terms  of  time,  i,s  independent  of  depth  of  cut. 

A typical  tool  life  curve,  demonstrating  the  effect  of  speed 
on  tool  life  in  carbide  milling,  is  shown  in  Figure  10.  Except  at  cutting 


476 


MACHINING  AND  GRINDING 


speeds  below  300  ft  min,  an  increase  in  speed  causes  a corresponding 
decrease  in  tool  life.  The  decrease  in  tool  life  below  the  critical  speed 
of  300  ft/min  is  a common  characteristic  of  cast  irons. 


Tool  life  curves  for  various  feeds  at  a given  speed  are 
shown  in  Figure  11  for  a milling  operation.  The  curves  peak  at  the 
higher  feeds,  showing  that,  up  to  a point,  the  better  tool  life  is  ob- 
tained at  the  heavier  feeds.  In  practice,  feeds  usually  are  selected  first 
and  based  on  several  factors  such  as  rigidity  of  set-up,  power  avail- 
able and  the  surface  finish  requirement. 


Fig.  12.  The  Microstructure  of 
White  Iron  Magnified  250X. 

An  Acid  Etch  has  been  used  to 
bring  out  the  structure.  The 
white  areas  are  the  very  hard  ce- 
mentite  (iron  carbide).  The  dark 
areas  are  pearlite  which  is  too 
fine  to  see  as  a lamellar  structure 
at  this  magnification. 


2.  The  Microstructure  of  Cast  Irons : Metal  cutting  research 
has  demonstrated  that  the  microstructure  is  a more  direct  criterion 
of  a work  material’s  influence  on  tool  life  than  is  its  chemical  compo- 
sition or  hardness.  The  chemical  composition  and  rate  of  cooling  de- 
termine the  microstructure  of  the  metal  and  its  resultant  hardness  so 
that  all  of  these  factors  are  interrelated.  Unfortunately,  the  correla- 
tion between  these  factors  is  not  direct.  Certain  microconstituents  in- 
fluence the  hardness  more  and  others  less  than  their  corresponding 
effect  on  machinability.  Although  hardness  is  generally  a good  indi- 
cation of  machinability,  the  microconstituents  within  the  metal  di- 
rectly determine  its  machining  properties. 


The  microstructure  of  cast  iron  consists  of  two  principal 
parts,  the  graphite,  which  may  occur  in  several  different  forms,  and 
the  surrounding  metal,  which  is  commonly  called  the  “matrix  struc- 
ture.” White  cast  iron,  sometimes  called  “chilled  iron,”  and  certain 
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Fig.  13.  The  “Temper  Carbon”  of 
Malleable  Iron — 250X — Unetched. 

This  shape  of  graphite  is  formed  in 
the  annealing  white  iron. 


high  alloy  irons  are  exceptions  to  this,  since  they  may  not  contain  any 
appreciable  amount  of  graphite.  In  these  graphite-free  irons,  the  car- 
bon is  all  chemically  combined  with  the  iron  as  iron  carbide.  This  ap- 
pears under  the  microscope  as  areas  of  a white,  very  hard  constituent 
(cementite)  which  is  shown  in  Figure  12. 


There  are  three 
basic  shapes  in  which 
graphite  can  occur  in  cast 
irons,  flake  graphite,  nod- 
ular graphite,  and  tem- 
per carbon.  The  latter  is 
formed  in  the  annealing 
of  white  iron  and  occurs 

Fig.  14.  The  Flake  Graphite  of 
Gray  Iron — 250X — Unetched. 

This  is  one  of  the  several  ar- 
rangements in  which  flake  gra- 
phite can  be  made  to  occur  in 
gray  iron. 


a.  Graphitic  Structure:  The  graphite  in  cast  iron  provides 
many  of  the  metal’s  unique  characteristics,  and  the  form  that  it  takes 
has  a prominent  influence  on  the  mechanical  properties  of  a casting. 
Differences  in  graphite  structure  have  only  a minor  influence  on  tool 
life,  but  are  important 
where  surface  finish  is 
critical  (See:  Surface 
Finish). 
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in  malleable  cast  iron, 
Figure  13.  The  other  two 
form  during  the  solidifi- 
cation of  the  iron  in  the 
mold  and  are  of  concern 
here. 


% 

» 


» 


V ; ■ 


Flake  Graphite: 

This  form.  Figure  14,  oc- 
curs in  gray  iron.  It  is 
essentially  plate-shaped, 
but  may  vary  widely  in 
size,  thickness  and  ar- 
rangement. There  is  an 
American  Society  for 
Testing  Materials  stand- 
ard for  the  classification 
of  flake  graphite  size  and 
type  (No.  A247-47).  In  the  flake  form,  the  graphite  has  the  greatest 
influence  on  the  properties  of  the  casting. 


Fig.  15.  The  Spherulitic  Graphite  of  Nodular 
(Ductile)  Iron — 250X — Unetched. 

The  radial  structure  in  the  graphite  is  typical  of 
this  form. 


Spherulitic  Graphite:  Iron  with  this  type  of  graphite  is  of 
recent  development  and  is  called  “nodular,”  “Ductile,”  or  “SG”  iron. 
The  spheroids  of  graphite,  with  a peculiar  radial  structure  as  shown 
in  Figure  15,  are  produced  by  the  introduction  of  minute  quantities 
of  a nodulizing  agent,  such  as  magnesium  or  cerium,  to  a suitable  base 
analysis  of  molten  iron  which  would  normally  solidify  with  flake  gra- 
phite without  the  special  treatment.  Since  a sphere  is  the  most  com- 
pact form,  this  type  graphite  has  less  influence  on  the  properties  of 
the  metal  in  the  casting. 

b.  Matrix  Structure:  The  metal  surrounding  the  graphite 
may  be  compared  directly  with  steel  in  its  range  of  possible  micro- 
structures. By  changes  in  chemical  analysis  and  processing,  or  by 
heat  treatment,  the  combined  carbon  content  and  the  resulting  matrix 
structure  in  the  casting  may  be  made  equivalent  to  that  of  a soft  mild 
steel  with  nearly  all  ferrite,  a medium  carbon  steel  with  both  ferrite 
and  pearlite,  an  eutectoid  tool  steel  with  a matrix  of  all  fine  pearlite, 
or  a high  carbon  tool  steel  containing  pearlite  with  a carbide  network. 
To  this  range  of  structures  should  be  added  all  those  obtainable  by 
heat  treatment,  the  very  machinable  spheroidized  carbides,  the  aus- 
tempered  structures,  the  very  hard  martensite,  and  the  tempered  mar- 
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Fig.  16.  Gray  Iron  with  a Ferrite  Matrix — 250X — Etched. 

Ferrite,  essentially  carbon  free  iron,  contains  silicon  and  manganese  in 
solution.  The  acid  etch  has  made  the  grain  boundaries  of  the  ferrite 
visible.  The  carbon  that  was  contained  in  the  matrix  can  be  seen  de- 
posited irregularly  along  the  graphite  flakes. 


tensites.  The  possible  changes  in  the  matrix  structure  of  cast  iron  may 
be  more  readily  understood,  if  it  is  remembered  that  the  matrix  of 
cast  iron  can  be  self-carburized  or  internally  decarburized  by  heat 
treatment  to  any  combined  carbon  content  within  the  entire  range 
in  which  steels  are  made. 


Fig.  17.  A Gray  Iron  Matrix  of  Ferrite  and  Pearlite  — 250X  — 
Etched. 
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Pig.  18.  A Gray  Iron  Matrix  of  Pearlite— 500X— Etched. 

This  pearlite  is  sufficiently  coarse  to  show  its  characteristic  “fin- 
ger-print” like  structure,  containing  alternate  layers  of  iron  car- 
bide and  ferrite. 


The  matrix  structure  (that  part  of  the  microstructure  that 
surrounds  the  graphite)  is  most  directly  related  to  tool  life.  Since 
there  is  a wide  variety  of  matrix  structures  available  in  cast  iron,  tool 


Fig.  19.  A Gray  Iron  Matrix  of  Fine  Pearlite— 500X— Etched. 

When  the  individual  lamellae  are  too  fine  to  be  resolved,  pearlite 
has  a gray,  mother-of-pearl  like  appearance,  from  which  its  name 
was  derived. 


481 


MACHINING  AND  GRINDING 


Fig.  20.  A Matrix  Containing  Pearlite  and  Free  Car- 
bides— 250X — Etched. 


The  most 
difficult  structure 
to  machine  is  one 
containing  massive 
areas  of  the  ex- 
tremely hard  iron 
carbide.  This  is 
typical  in  the 
structure  of  white 
cast  iron,  Figure 
12,  which,  because 
of  the  extremely 
poor  tool  life,  may 
ordinarily  be  con- 
sidered unmachin- 
able,  but  it  is  ma- 
chined commer- 
cially in  special  cir- 
cumstances. Pearl- 
ite is  actually  al- 
ternate layers  of 
soft  ferrite  and 
hard  iron  carbide 
and  is  a common 
constitutent  in 

gray  cast  iron,  Figure  18.  The  finer  this  structure  is,  the  stronger 
and  harder  it  is,  and  logically  the  more  difficult  to  machine.  Irons  con- 
taining mixtures  of  ferrite  and  pearlite  have  intermediate  machin- 
ability,  Figure  17. 


Fig.  21.  An  Acicular  Matrix  in  Gray  Iron — 
500X— Etched. 

An  acicular  matrix  structure  is  obtained  directly  in  the 
casting  (without  heat  treatment)  by  alloying,  generally 
with  nickel  and  molybdenum. 


life  can  be  varied 
over  a very  wide 
range.  Ferrite,  the 
microconstituent 
that  is  relatively 
carbon  free,  Fig- 
ure 16,  is  by  far 
the  most  machin- 
able from  a tool- 
wear  standpoint. 


Iron  may  be  produced  containing  iron  carbides  which  are 
not  contained  in  pearlite.  These  free  carbides  may  appear  as  small 
masses,  or  as  a network  around  the  pearlite.  Figure  20.  Free  carbides 
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decrease  the  machinability  much  more  than  the  amount  of  carbides 
present  would  indicate. 

Several  factors  influence  the  matrix  structure  of  a cast- 
ing. The  most  important  of  these  are  the  chemical  analysis  of  the 
metal,  its  cooling  rate  in  the  casting  and  subsequent  heat  treatment 
(when  it  is  used). 


3.  Microstructure  and  Machinability  Data:  The  presence 
of  the  graphite  is  important  to  tool  life  through  its  effect  as  a chip 
breaker  and  lubricant,  but  the  shape  and  the  amount  of  graphite 
are  not  critical  to  tool  life  within  the  ranges  that  occur  in  the  common 
types  of  cast  irons.  Tool  life  is  directly  affected  by  the  microstruc- 
ture of  the  matrix 
which  contains  the 
graphite.  A range 
of  typical  micro- 
structures occur- 
ring in  gray  iron 
is  presented  in 
Figs.  16  through 
21,  in  order  of  de- 
creasing tool  life. 

These  are  all  “as 
cast”  structures, 
except  the  first, 
wrhich  is  the  result 
of  annealing. 


Tool  life 
curves  in  carbide 
milling  for  a series 
of  gray  irons  with 
different  matrix 
structures  are 
plotted  in  Figure 
22.  For  the  pur- 
pose of  comparison 
it  can  be  noted  that 
the  gray  iron  con- 
taining a coarse 
pearlite  showed  a 
tool  life  of  1300 


Pig.  22.  Tool  Life  Curves  in  Milling  for  a Series  of  Gray 
Irons  with  Different  Matrix  Structures. 
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cubic  inches  at  a 
cutting  speed  of 
400  ft./min.  This  is 
twice  that  for  the 
fine  pearlite  iron. 
The  difference  in 
the  corresponding 
Brinell  hardness 
numbers  195  to 
217,  would  not  in- 
dicate this  large 
difference  in  ma- 
chinability. 

The  pres- 
ence of  free  car- 
bides in  the  struc- 
ture of  cast  iron  is 
very  detrimental 
to  tool  life.  As  lit- 
tle as  5 per  cent 
free  carbide  can 
reduce  tool  life  as 
much  as  70  per 
cent.  In  Figure  23, 
a comparison  is 
made  of  the  tool 
life  curves  for  two  pearlite  gray  irons,  which  are  similar  except  that 
one  contains  about  5 per  cent  free  carbide  in  the  matrix  structure. 
Thus,  at  300  ft.  per  min.,  the  tool  life  for  the  iron  without  free  car- 
bides was  1,300  cu. 
in.,  and  only  450 
cu.  in.  for  the  one 
with  5 per  cent 
free  carbides  in  its 
microstructure. 


Fig.  24.  Tool  Life 
Curves  in  Turning,  for 
a Series  of  Flake  Gra- 
phite Irons  with  Dif- 
ferent Matrix  Struc- 
tures. 

The  relations  are  simi- 
lar to  those  for  mill- 
ing. 
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Fig.  23.  The  Effect  of  Free  Carbides  on  Tool  Life. 

The  two  gray  irons  were  similar  except  for  the  presence 
of  free  carbides  in  the  matrix  structure. 
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Pig.  25a.  A Matrix  of  Ferrite  in  Nodular  Pig.  25b.  A Matrix  of  Pearlite  with  Some 
Iron — 250X — Etched.  Ferrite  in  Nodular  Iron — 250X — Etched. 

Typical  of  the  high  ductility  type.  Typical  of  the  higher  strength  type. 


The  dependence  of  machinability  on  microstructure  is  evi- 
dent in  all  types  of  machining.  The  tool  life  curves  in  Figure  24  were 
obtained  on  four  different  matrix  structures  in  turning. 

Irons  with  nodular  type  graphite  can  have  a similar  series 
of  matrix  structures,  Figure  25,  and  there  is  an  equivalent  relation  to 
tool  life,  Figure  26.  Although  the  Brinell  hardness  values  of  irons 
with  nodular  type  graphite  are  generally  higher  than  with  flake  type 
graphite,  the  machinability  is  essentially  the  same  for  the  same  type 
of  matrix.  The  higher  Brinell  hardness  with  nodular  graphite  is  the 
result  of  a generally  higher  silicon  content  and  the  more  compact 
form  of  graphite. 

This  typifies  the 
inconsistencies 
which  occur  in  re- 
lating machinabil- 
ity to  hardness. 

Fig.  26.  Tool  Life 
Curves  in  Turning  for 
a Series  of  Nodular 
Graphite  Irons  with 
Different  Matrix 
Structures. 

The  similarity  to  the 
preceding  curves  for 
flake  graphite  illus- 
trates that  graphite 
shape  is  not  important 
to  tool  life. 


Cutting  Speed  — Feet  Per  Minute 
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The  wide  spread  that  is  possible  in  tool  life  curves  empha- 
sizes the  importance  of  selecting  the  proper  type  of  iron.  If  machin- 
ing costs  are  to  be  minimized,  it  is  necessary  to  obtain  the  best  ma- 
chinability  that  is  compatible  with  the  other  property  requirements. 
The  microstructure  of  the  castings  to  be  machined  must  be  known  if 
the  optimum  conditions  are  to  be  set  up. 

4.  Machining  Properties  of  Casting  Skin : The  first  cut  from 
the  surface  of  a piece  of  metal  can  result  in  shortened  tool  life  if  the 
surface  is  not  free  from  abrasive  material.  Castings  are  subject  to 
this  difficulty  since  sand  from  the  mold  may  adhere  to  the  surface  or 
actually  be  fused  into  the  surface  metal.  At  one  time,  when  metal 
cleaning  equipment  was  limited  to  the  tumbling  barrel,  the  emery 
stone,  and  the  wire  brush,  the  occurrence  of  a poor  machining  surface 
(by  today’s  standards)  was  common  and  tolerated  or  corrected  by 
rusting  it  off,  (weathering).  With  modern  foundry  practice  and  equip- 
ment, iron  castings  can  be  consistently  produced  with  clean  surfaces. 
There  may  be  special  cases  where  it  would  be  more  economical  to  tol- 
erate a reduced  tool  life  or  lower  cutting  speed  on  the  first  cut  than 
to  utilize  special  casting  or  cleaning  techniques  to  avoid  it,  but  with 
the  exclusion  of  an  unusual  casting  design  or  requirement,  quality 
castings  should  not  present  this  difficulty,  particularly  when  a normal 
depth  of  first  cut  is  used. 

In  many  modern  production  methods  absolutely  clean  cast- 
ing surfaces  are  essential.  The  machining  of  pipe  fittings  is  an  ex- 
ample. It  is  standard  practice  to  have  the  tap  run  directly  onto  the 
cast  surface  at  high  speed  without  a preliminary  cut  and  without 
excessive  tool  wear.  Automation  or  continuous  automatic  machining 
of  iron  castings  is  becoming  common  practice.  Its  success  depends  up- 
on consistently  clean  and  accurate  castings.  Production  tool  life  is 
equally  as  dependent  upon  clean  and  accurate  castings  as  it  is  upon 
the  properties  of  the  metal. 

B.  SURFACE  FINISH  . . . There  are  several  factors  which  influence  the 
surface  finish  obtained  in  machining  iron  castings.  The  quality  of  the 
finish  is  dependent  upon  the  cutting  speed,  feed  and  depth  of  cut ; the 
tool  geometry,  the  set-up  and  condition  of  the  machine;  and  the  type 
of  cast  iron  being  cut.  The  graphite  present  in  the  iron  has  some  in- 
fluence on  the  surface  finish  and  considerable  influence  on  the  appear- 
ance of  the  surface.  The  presence  of  the  graphite  in  the  surface  tends 
to  make  it  appear  gray  and  thus  less  smooth  than  it  actually  is.  With 
some  types  of  machining  and  certain  irons,  a portion  of  the  graphite 
may  be  pulled  out  of  the  surface  leaving  microscopic  pits.  Although 
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Fig.  27.  The  Influence  of  Microstructure  and  Cutting  Speed  on  Surface  Finish. 

Finer  graphite,  a harder  matrix,  and  higher  cutting  speed  individually  and  collec- 
tively improve  the  instrumentally  determined  surface  finish. 


Fig.  28.  The  Influence  of  Flake  Graphite  Size  and  Various  Cutting 
Speeds  on  the  Surface  Finish  Measurement. 
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this  condition  will  affect  surface  appearance  and  the  reading  of  an 
averaging-type  surface  analyzer,  it  does  not  change  the  fit  or  toler- 
ances and  with  movement  between  mating  surfaces,  it  can  assist  in 
retaining  lubrication. 

The  surface  finish  that  is  obtained  is  influenced  by  the 
matrix  microstructure  as  well  as  the  size  and  shape  of  the  graphite. 
This  is  illustrated  in  Figure  27.  The  graphite  in  the  annealed  irons 
(with  a matrix  of  ferrite)  is  more  likely  to  be  pulled  out  of  the  sur- 
face. Finer  flakes  or  nodular  graphite  in  a matrix  of  fine  pearlite  will 
yield  a better  finish.  The  effect  of  a difference  in  graphite  flake  size 
on  the  measurement  of  the  surface  finish  obtained  in  milling  is  shown 
in  Figure  28.  The  casting  with  finer  graphite  indicated  a smoother 
surface,  but  this  was  mainly  due  to  fewer  pits  rather  than  an  impor- 
tant decrease  in  the  trough-to-crest  distance. 

The  surface  finish  is  improved  as  the  cutting  speed  is  in- 
creased, Figures  27  & 28,  but  dulling  of  the  tool  may  be  either  bene- 
ficial or  detrimental  to  surface  finish.  If  the  dulling  results  in  forming 
a land  on  the  end  of  the  cutting  tool  which  generates  the  work  sur- 
face, the  finish  may  actually  improve,  as  illustrated  in  Figure  29.  Like- 
wise, the  nose  radius  on  the  tool  which  generates  the  surface  has  an 
important  effect  on  finish.  As  the  nose  radius  increases,  there  is  a 
tendency  for  the  surface  finish  to  improve,  Figure  30. 

In  milling,  there  is  a tendency  for  breakout  to  occur  at  the 
edge  where  the  tool  leaves  the  work.  Work  breakout  decreases  as  feed 
and  depth  of  cut  decrease  and  also  as  the  structure  or  graphite  size 
decreases.  The  relationship  between  work  breakout  and  feed  is  illus- 
trated in  Figure  31. 

Surface  finish  can  be  improved  by  using  a light  feed  and 
shallow  depth  of  cut.  The  quality  of  finish  is  far  more  sensitive  to 
feed  than  to  depth,  as  shown  in  Figure  32.  At  a feed  of  .005  inches 
per  revolution  and  a depth  of  .010",  a surface  finish  of  less  than  50 
micro-inches  was  obtained. 

C.  DISTORTION  . . . Distortion  during  the  machining  process  is  not  a 
common  problem  with  the  majority  of  iron  castings,  but  it  may  result 
from  several  causes: 

1.  Distortion  in  clamping 

2.  Internal  stresses  in  the  casting 

3.  High  cutting  forces 

4.  Heat  generated  in  cutting 
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The  finish  is  improved  by  tool  wear  when  a land  is  formed  on  the  end  of  the  cutting 
tool  generating  the  work. 
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Fig.  30.  The  Influ- 
ence of  Tool  Nose 
Radius  on  the  Re- 
sulting Surface 
Finish. 

This  trend  is  typi- 
cal, although  the 
values  will  change 
with  the  feed  per 
revolution  and 
other  variables. 
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Other  important  factors  are  microstructure  of  the  iron  and  cut- 
ting force. 


0 .005  .010  .015  .020  .025  .030 


Feed— Inches  per  Rev. 


Fig.  32.  Effect  of  Feed  and  Depth  of  Cut  on  the  Work  Finish. 
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Open  castings  such  as  gear  housings  or  frames  are  subject 
to  distortion  if  clamped  with  the  same  force  as  is  suitable  on  solids 
such  as  gear  blanks.  Power  chucks  are  particularly  apt  to  cause  this 
difficulty.  Such  distortion  may  be  entirely  within  the  elastic  range  or 
involve  both  a recoverable  elastic  movement,  plus  an  unrecoverable 
plastic  change.  In  the  first  case,  the  casting  returns  to  normal  dimen- 
sions when  unclamped,  but  the  machining  performed  while  it  was 
clamped  may  no  longer  be  true.  In  the  second  stage,  both  the  machined 
and  unmachined  portions  of  the  casting  will  be  distorted. 

Most  iron  castings  are  relatively  free  from  internal  stresses 
as  cast.  Others  may  contain  low  to  very  high  internal  stresses  as  cast. 
This  primarily  depends  upon  the  design  of  the  casting,  but  may  be 
influenced  by  foundry  practice.  If  the  casting  is  such  as  to  contain 
internal  stresses  and  a machining  operation  removes  some  of  the 
stressed  metal  (outer  surfaces  are  generally  the  more  highly  stressed) 
the  casting  will  move  or  change  shape  so  as  to  rebalance  the  internal 
forces.  For  this  reason,  some  castings  which  are  subject  to  internal 
stresses  and  require  accurate  machining  should  first  be  given  a stress 
relieving  heat  treatment.  (See  “Heat  Treatment”)  Others  may  be 
satisfactorily  machined  to  close  tolerances  by  completing  all  of  the 
roughing  cuts  before  the  light  finish  cuts  are  started.  When  heavy 
machining  and  precise  dimensions  are  both  required,  it  is  occasion- 
ally desirable  to  relieve  internal  stresses  by  heat  treatment  between 
the  rough  and  finish  machining  operations. 

The  geometry  of  some  castings  may  be  such  as  to  require 
extremely  light  cuts  to  avoid  distortion  from  cutting  forces.  The  heat 
of  cutting,  particularly  with  a dull  tool  or  heavy  depth  of  cut,  can  cause 
temporary  distortion  of  the  workpiece  through  thermal  expansion.  The 
machine  work  performed  while  the  casting  was  differentially  heated 
may  not  remain  true  when  it  has  returned  to  normal  temperature. 

D.  COOLANTS  . . . Usually  cast  iron  is  machined  dry  except  for  cut- 
ting operations  such  as  threading.  The  powdery  portion  of  iron  chips 
forms  a slurry  with  cutting  fluids  and  with  the  ordinary  fluids  this 
may  cake  in  the  grooves  and  crevices  of  the  machine  tool.  Detergent 
emulsions  have  been  developed  specifically  for  use  as  coolants  in  ma- 
chining iron  castings.  There  is  little  tendency  for  rusting  or  clogging 
to  occur  with  these  fluids  and  they  have  been  beneficial  to  tool  life. 

VI.  ECONOMICS  OF  MACHINING 

In  any  machining  operation,  it  is  desirable  that  the  pro- 
duction rate  should  be  balanced  against  machining  cost.  This  is  par- 


491 


MACHINING  AND  GRINDING 


ticularly  important  in  large  production  operations.  Conditions  should 
be  selected  so  that  the  desired  production  rate  is  obtained  at  the  low- 
est overall  production  cost. 

When  the  economical  rate  of  production  in  the  machine 
shop  greatly  exceeds  the  desired  production  rate  for  assembly  or 
shipping,  the  item  is  usually  processed  in  lots  and  supplied  from  stock. 
The  selection  of  the  most  economical  lot  size  is  often  a complex  de- 
cision involving  a number  of  factors  such  as  interest  on  investment, 
cost  of  storage  space  and  possible  obsolescence,  as  well  as  the  com- 
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Fig.  33.  The  Influence  of  Cutting  Speed  on  the  Four  Machining 
Cost  Factors  and  their  Summation  in  a Typical  Example. 
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parison  of  set-ups  on  different  types  of  machines.  When  determining 
the  economic  lot  size  for  machining,  the  cost  of  the  castings  should 
also  be  considered,  since  their  price  may  vary  with  order  quantity. 

The  cost  factors  in  all  machining  operations  may  be  classed 
into  four  major  factors: 

a.  Idle  time  costs  c.  Tool  changing  costs 

b.  Machining  costs  d.  Tool  repairing  costs 

The  idle  time  costs  take  into  account  the  labor  and  burden  rates  on  a 
machine  while  it  stands  idle.  This  consists  of  set-up,  loading  and  un- 
loading time,  cleaning  time,  oiling  time,  and  other  factors  which  cause 
equipment  to  be  idle  in  normal  production.  Anything  that  can  be  done 
to  reduce  this  time,  such  as  the  use  of  automatic  loading  and  unload- 
ing devices  will  increase  the  productivity  and  decrease  the  cost  of  the 
operation. 


Machining  costs  are  those  incurred  while  the  equipment  is 
actually  engaged  in  cutting.  Hence,  they  are  made  up  of  the  labor  and 
burden  rates  on  the  machine  and  take  into  account  the  labor  to  machine 
a single  piece.  This  time  consists  of  feeding  time,  including  time  of 
approach,  and  overtravel. 

The  tool  changing  cost  includes  the  time  required  to  change 
tools  and  cutters.  This  cost  is  figured  as  labor  and  burden  on  the  ma- 
chine during  tool  changing.  Quick  change  tooling  or  cartridge  type 
tool  blocks  can  aid  in  decreasing  this  cost. 

Finally,  there  is  the  tool  repair  cost.  This  includes  the  time 
to  rebraze  or  reset,  as  well  as  to  regrind  tools  (with  a material  and  a 
burden  charge  for  the  tool  room). 

These  four  cost  factors  are  plotted  against  cutting  speed 
in  the  graph  shown  in  Figure  33.  Note  first,  that  the  cost  of  load  and 
unload  time  is  independent  of  cutting  speed,  since  this  is  idle  time  for 
the  machine;  whereas,  the  machining  cost  decreases  with  increased 
cutting  speed,  since  the  machining  time  decreases  as  the  cutting  speed 
increases.  On  the  other  hand,  as  the  cutting  speed  increases,  tool  life 
decreases  and  the  tool  changing  cost  increases.  It  also  follows  that 
tool  regrinding  or  tool  repair  costs  increase  with  increased  cutting 
speed,  since  more  cutters  require  regrinding.  When  all  of  the  factors 
are  summarized  into  one  curve,  it  represents  the  total  cost  of  machin- 
ing. This  is  the  top  curve  of  Figure  33.  Note  that  it  has  a minimum 
cost  point  at  about  350  ft./min.  This  means  that  for  the  particular  set 
of  conditions  under  which  this  set  of  curves  was  obtained,  the  machin- 
ing costs  will  increase  when  the  speed  is  other  than  350  ft./min.  How- 
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ever,  it  may  not  be  feasible  to  use  this  speed,  as  production  require- 
ments and  the  availability  of  capacity  may  dictate  other  conditions, 
at  a sacrifice  in  actual  machining  cost. 

As  an  example,  consider  a cutting  speed  50%  greater  than 
that  at  which  the  minimum  cost  occurred.  According  to  the  chart  in 
Figure  33,  the  cost  of  machining  a piece  at  525  ft. /min.  would  be  about 
$.25,  as  compared  to  $.13  at  the  cutting  speed  of  350  ft. /min.  The  re- 
quirements of  the  job  may  justify  this  increased  cost,  if  the  increased 
speed  provides  the  means  of  meeting  a delivery  schedule. 

Up  to  now  consideration  has  been  given  primarily  to  cut- 
ting speed.  It  is  equally  important  to  select  the  proper  feeds.  Usually, 
one  finds  that  high  production  at  minimum  costs  can  be  obtained  by 
using  as  high  a feed  as  possible,  consistent  with  the  rigidity  of  the 
workpiece  and  the  finish  and  accuracy  requirements. 

VII.  GENERAL  MACHINING  RECOMMENDATIONS 

As  a basis  for  general  machining  recommendations,  four 
characteristic  matrix  structures  have  been  selected  from  the  continu- 
ous series  of  microstructures  which  are  available  in  iron  castings. 

Obviously,  a single  recommendation,  even  for  a specific 
material,  cannot  provide  for  the  possible  variations  due  to  work  shape, 
machine  characteristics,  or  operator  skill.  Single  values  or  reasonable 
ranges  were  considered  preferable  to  ranges  wide  enough  to  cover  all 
contingencies,  since  the  practical  use  of  either  requires  experience. 

Where  more  precise  data  are  desired  for  specific  application, 
they  may  be  established  in  the  manner  presented  in  the  previous  section 
on  the  “Economics  of  Machining.”  As  a guide,  the  typical  hardness 
ranges  are  given  in  the  following  table  for  each  of  the  four  charac- 
teristic matrix  structures  selected  for  general  recommendations.  Three 


TYPICAL  BRINELL  HARDNESS  RANGE  FOR  FOUR  MATRIX  STRUCTURES 


MATRIX  MICROSTRUCTURE 

IN  LOW  &.  MEDIUM 
STRENGTH  GRAY  IRONS 

IN  HIGH  STRENGTH 
TYPE  GRAY  IRONS 

IN  NODULAR 
IRONS 

— BHN  — 

— BHN  — 

— BHN  — 

a.  Ferrite  (fully  annealed) 

b.  Coarse  pearlite,  or 

110—140 

120  — 160' 

140  — 2004 

pearlite  & ferrite 

140—190 

200  — 2705 

c.  Fine  pearlite 

190  — 230 

200  — 2402 

240  — 300‘ 

d.  Acicular  (alloy  or  heat-treated) 

220  — 320 

220  — 3203 

270  — 3507 

' • Strength  is  appreciably  lowered  by  annealing.  5.  Typical  of  Type  80-60-03 

2.  Typical  of  ASTM  Class  40  and  50  iron.  6.  Typical  of  Type  100-70-03 

3.  Typical  of  ASTM  Class  55  and  60  iron.  7.  Typical  of  Type  120-90-02 

4.  Typical  of  Type  60-45-10 
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ranges  of  hardness  are  given  for  each  depending  upon  the  type  of  iron 
in  which  it  occurs,  since  differences  in  analysis  and  graphite  structure 
also  influence  hardness.  It  is  well  to  point  out  again  that  a direct  cor- 
relation between  hardness  and  machinability  is  not  valid  without  con- 
sideration for  these  other  variables. 


A.  TURNING  RECOMMENDATIONS 

1.  Cutting  Speeds,  ft/min 


Types  of  Matrix  Structure 

High 

Cast 

Tungsten 

Speed 

Alloy 

Carbide 

a.  Ferrite  (fully  annealed) 

b.  Coarse  pearlite 

150 

350 

800 

or  pearlite  & ferrite 

100 

125 

300 

c.  Fine  pearlite 

d.  Acicular  (alloy  or  heat- 

80 

100 

250 

treated) 

30 

60 

125 

2.  Feed,  inches  per  revolution 

For  all  types 

.015  to 

.015  to 

.020  to 

(varies  inversely  with  speed)  .025 

.025 

.035 

3.  Tool  Material 

The  cobalt  type  of  high  speed  steel  tool  is  preferred  over 

regular  high  speed  steel  for  the  high  strength 

or  alloy  irons.  High 

speed  steel  can  be  used  most  satisfactorily  on  the  lower  strength  gray 
irons.  In  the  carbide  tools,  the  straight  tungsten  carbide  type  is  best. 

See  Table  I,  under  “Selection  of  Tool  Material.” 

4.  Tool  Angles — in  Degrees 

Tool  Angles* 

HSS  & 

Carbide 

Cast  Alloy 

Brazed 

Inserted  Tip 

Back  Rake 

0 

0 

neg.  7 

Side  Rake 

+10 

+6 

neg.  7 

Side  Cutting  Edge  Angle 

+ 15 

0 

+15 

End  Cutting  Edge  Angle 

+ 15 

+ 6 

+15 

Primary  Relief 

+ 7 

+6 

+ 7 

Secondary  Relief 

+10 

+9 

*See  Figure  3 for  identification  of  angles. 

Recommended  Nose  Radius 

Depth  of  Cut  HSS  & Cost  Alloy 

Carbide 

Ys  in.  or  less 

1/16 

1/32 

3/16  in.-%  in. 

3/32 

3/64 

7/16  in.-%  in. 

3/32 

1/16 

13/16  in.-l (4  in. 

% 

3/32 
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5.  Cutting  Fluids 

Because  of  the  powdery  nature  of  chips  there  is  a tendency 
for  them  to  rust  when  an  ordinary  coolant  is  used  in  the  machining 
of  cast  iron.  Generally,  cast  iron  can  be  machined  satisfactorily  dry. 
This  is  particularly  true  with  carbide  tools.  However,  if  a hard  or 
high  strength  iron  is  being  machined,  a water  base,  chemical  type 
cutting  fluid  intended  for  use  with  cast  iron  can  be  of  considerable 
advantage. 


6.  Power  Requirements 

The  power  in  terms  of  horsepower  required  to  remove 
metal  at  the  rate  of  one  cubic  inch  of  metal  per  minute  is  most  ap- 
plicable in  determining  the  size  of  machine  required.  The  size  of  motor 
to  perform  a specific  cut  with  a sharp  tool  can  be  based  on  0.8  HP  cu. 
in./min  for  as-cast  irons  and  0.5  HP/cu.in./min  for  fully  annealed 
irons.  However,  when  the  tool  dulls,  the  power  requirements  will 
double,  and  hence  in  order  to  insure  adequate  power  throughout  the 
life  of  the  tool,  the  size  of  the  motor  should  be  based  on  these  require- 
ments for  feeds  in  the  range  .010  to  .020  in/rev: 

1.6  HP/cu. in./minute  As-Cast  Irons 

1.0  HP/cu. in. /minute  for  Fully  Annealed  Irons 

The  values  should  be  20  per  cent  higher  for  feeds  of  less  than  .010 
in/rev  and  can  be  10  per  cent  less  for  feeds  over  .020  in/rev. 


Example  of  HP  Calculation 


HP 

of  = feed/rev  x cut  depth  x 12  x cutting  speed  x HP/cu. in/min 
motor 


The  factor  of  12  converts  speed  from  ft/min  to  in/min.  For  a .150  in. 
depth  of  cut,  .015  in.  feet  and  a cutting  speed  of  300  ft/min.  (Carbide 
tool — Coarse  pearlite)  on  an  as-cast  iron,  the  motor  size  should  be: 

HP  of  motor  = .015  x .150  x 12  x 300  x 1.6 
= 13  Horsepower 


B.  MILLING  RECOMMENDATIONS 

1.  Cutting  Speeds,  ft/min 


Types  of  Matrix  Structure 

HSS 

Carbide 

a.  Ferrite  (fully  annealed) 

180 

600 

b.  Coarse  pearlite 

100 

320 

or  pearlite  and  ferrite 

c.  Fine  pearlite 

75 

270 

d.  Acicular  (alloy  or  heat-treated) 

40 

170 

496 


MACHINING  AND  GRINDING 


2.  Feed 

The  feed  rate  recommendation  in  a milling  operation  is 
usually  given  in  terms  of  inches  per  tooth,  however,  on  the  milling 
machine  the  feed  dial  reads  in  inches  per  minute.  In  order  to  convert 
the  feed  from  inches  per  tooth  to  inches  per  minute,  it  is  necessary  to 
know  the  number  of  teeth  and  the  rpm  of  the  cutter. 

Inches  per  minute  = rpm  x number  of  teeth  x inches  per  tooth 

Recommended  Feeds — inches/tooth 


Type  of  Cutter 

Face  Mill 
Slab  Mill 
End  Mill 


HSS 

.010  to  .015" 
.008  to  .012" 
.006  to  .008" 


Carbide 

.012  to  .020" 
.010  to  .016" 
.007  to  .010" 


3.  Tool  Material 

High  speed  steel  is  very  often  used  in  such  milling  cutters 
as  helical  and  end  mills  and  form  relieved  cutters ; while  carbide  is 
widely  used  in  face  milling.  See  Table  I,  under  “Selection  of  Tool 
Material”  for  selection  of  carbide  grades. 

4.  Tool  Angles  (Face  Mills) 


Tool  Angles  HSS  Carbide 

Axial  Rake  10°-15°  4°-6° 

Radial  Rake  10°-15°  4°-6° 

Corner  Angle  0°  (1/16"  chamfer)  * 0°  (1/16"  chamfer)  * 
Clearance  Angles 

Primary  4°-6°  3°-6° 

Secondary  8°-10°  8°-10° 


*With  heavy  feeds,  a 45°  or  60°  corner  angle  is  often  used  to  prevent 
excessive  breakout  at  the  edges.  In  conjunction  with  this,  the  fol- 
lowing angles  are  used : 

Axial  Rake  pos.  20°  neg.  5° 

Radial  Rake  neg.  5°  neg.  5° 

In  addition  to  changing  the  tool  angles  as  stated  above  to 
reduce  excessive  breakout,  repositioning  the  cutter  relative  to  the 
work  may  also  prove  beneficial.  A separate  finishing  cut  is  usually  the 
best  solution  to  obtaining  a good  finish,  small  breakout  and  required 
accuracy. 


5.  Cutting  Fluid — Dry 
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6.  Power  Requirements 

For  feeds  of  .005  to  .020  in/tooth,  the  power  requirement 
at  the  motor  throughout  the  life  of  the  cutter  is : 


1.5  HP/cu.in./min.  for  as-cast  iron 

0.9  HP/cu.in./min.  for  fully  annealed  iron 


It  should  be  noted  that  the  power  requirements  increase  as  the  width 
of  cut  in  face  milling  or  depth  of  cut  in  peripheral  milling  is  increased. 


An  example  of  selecting  the  size  of  milling  machine  for  a 
specific  job  follows.  The  job  requires: 


Feed: 

Cutting  Speed: 

Depth : 

Cutter: 

Width  of  Cut : 


.015  in/tooth 
320  ft/min 

(Carbide  cutter — coarse  pearlite  iron) 
.200  in. 

8"  diameter — 10  teeth  face  mill 
3 in. 


Rotational  Speed  _ 12  * cutting  aPeed 
tv  x dia.  of  Cutter 


12  x 320 

7T  X 8 


= 153  rpm 


Nearest  speed  available  on  machine  = 160  rpm 
At  160  rpm,  cutting  speed  = 8xir  xl60  ft /min 

Table  feed  in  inches  per  minute  to  get  a feed  of  .015  in/tooth 
= rpm  x number  of  teeth  on  cutter  x feed  per  tooth 
= 160  x 10  x .015=24  in/min 


Available  table  speed  nearest  24  in/min  =22  in/min 

22 

at  22  in/min,  feed  = — =.014  in/tooth 

10  x 160 


Power  Requirements  =cu. in/min  x HP/cu.in/min 

= in/min  x depth  of  cut  x width  x HP/cu.in/min 
= 22  x .200  x 3 x 1.5 
= 19.8  HP  required  at  motor 


C.  DRILLING  RECOMMENDATIONS 

1.  Cutting  Speeds,  ft/min 


Types  of  Matrix  Structure 

HSS 

Carbide 

Ferrite  (fully  annealed) 

120 

200 

Coarse  pearlite 

90 

175 

or  pearlite  and  ferrite 

Fine  pearlite 

70 

150 

Acicular  (alloy  or  heat-treated) 

50 

100 
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2.  Feeds — for 

both  HSS  and 

Carbide  drills  and 

hole  depths  up 

to  3 dia. 

Drill  Size 

Feed,  in/rev 

Drill  Size 

Feed,  in/rev 

% 

.002 

% 

.012 

y* 

.005 

l 

.015 

,3.  Types  of  Tools 

High  speed  steel  drills  are  most  widely  used.  Cobalt  high 
speed  steel  is  often  used  for  the  harder  cast  irons.  Solid  carbide  drills 
in  small  sizes  and  carbide-tipped  twist  drills  are  being  more  commonly 
used.  The  use  of  carbide  drills  is  somewhat  limited  by  the  fact  that 
they  require  more  attention  in  handling  and  sharpening  and  also  they 
are  several  times  as  expensive  as  HSS  drills.  Very  often  a carbide  drill 
is  made  by  simply  inserting  a carbide  tip  in  the  end  of  a conventional 
high  speed  steel  twist  drill.  Carbide  drills  are  particularly  suitable  for 
drilling  out  cored  holes. 

4.  Tool  Angles — 118°  point  angle 

32°  helix  angle 

5.  Cutting  Fluid — Dry  (water  soluble  cutting  fluid  is  often  used 
in  production  drilling) 

6.  Power  Requirements 

The  horsepower  required  at  the  motor  per  cubic  inch  of 
metal  removed  per  minute  is: 

0.60  HP  for  feeds  over  .010  in/rev 

0.75  HP  for  feeds  under  .010  in/rev 

Note  that  at  the  lighter  feeds,  the  power  requirements  per  cubic  inch 
of  metal  removed  per  minute  are  greater  than  at  the  heavier  feeds. 

Example:  Determine  the  size  of  motor  required  to  drill  a 
J/o  in.  diameter  hole  at  a feed  of  .012  in/rev  and 
a drill  speed  of  90  ft/min.  (Material — As-Cast 
Iron,  Coarse  Pearlite) 

At  a cutting  speed  of  80  ft/min,  rpm  = 

12  cutting  speed  12  x 90 

= 686 


w d 

Available  rotational  speed  = 640  rpm 
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7 r 

Rate  of  metal  removal  = — x d2 3  x feed/rev  x rpm 

4 

= — x (i/,)2  x .012  x 640 
4 

= 1.5  cu.in/min 

At  a feed  of  .012  in/rev,  the  power  requirements  are  0.60 
HP/cu.in/min 

Power  Requirements  = 1.5  x .60 

= 0.9  HP  required  at  motor 


D.  REAMING  RECOMMENDATIONS  (multiple-flute  type) 

1.  Cutting  Speed 


Types  of  Matrix  Structure 

HSS 

Carbide 

a.  Ferrite  (fully  annealed) 

90 

200 

b.  Coarse  pearlite 

75 

140 

or  pearlite  and  ferrite 

c.  Fine  pearlite 

60 

120 

d.  Acicular  (alloy  or  heat-treated) 

50 

80 

2.  Feed 


Reamer  Size 

t/4"  or  less 
'A  tO  l/2 
Vi  to  1 
1 to  2 


Feed,  in/rev 

.005  to  .010 
.010  to  .020 
.020  to  .030 
.030  to  .100 


If  feed  is  too  low,  glazing,  excessive  wear  or  chatter  may  occur. 


3.  Tool  Material 

High  Speed  Steel  is  most  widely  used  in  reamers,  but  car- 
bide tipped  reamers  are  also  used,  particularly  in  high  production  or 
with  the  types  of  iron  more  difficult  to  machine.  It  is  especially  im- 
portant that  no  chatter  exist  when  carbide  reamers  are  used. 


4.  Tool  Angles 

Chamfer 

Clearance 

Rake 

Land 


HSS 

45° 

3-7° 


0-5° 

.008-. 015" 


Carbide 

30-45° 

6-8° 


4-7° 

.007-.020" 
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5.  Stock  for  Reaming 

If  insufficient  stock  is  allowed,  burnishing  may  occur.  Al- 
low the  following  stock: 

.005  to  .008"  up  to  1"  diameter 

.008  to  .015" — 1"  diameter  and  larger 

6.  Power  Requirements 

Power  requirements  are  not  usually  important  in  reaming 
since  the  stock  removal  is  very  low.  However,  rigidity  and  alignment 
are  extremely  important  for  accuracy  and  satisfactory  finish  with 
reasonable  tool  life. 


E.  TAPPING  RECOMMENDATIONS 

1.  Cutting  Speed,  ft/min 


Types  of  Matrix  Structure  HSS 

a.  Ferrite  (fully  annealed)  50 

b.  Coarse  pearlite  35 

or  pearlite  and  ferrite 

c.  Fine  pearlite  30 

d.  Acicular  (alloy  or  heat-treated)  25 


2.  Types  of  Tools 

High  speed  steel  taps  are  recommended  for  tapping  cast 

iron. 

3.  Tool  Angles 

A 0°  rake  angle  is  usually  used,  although  a rake  of  3 to 
5°  is  often  better  for  annealed  cast  iron. 

4.  Cutting  Fluid 

A sulphur  base  oil  is  recommended  in  tapping. 

5.  Power  Requirements 

The  power  requirements  are  as  follows: 

.20  HP  for  (4  in.  tap. 

.50  HP  for  Vo  in.  tap 
1.5  HP  for  % in.  tap 
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I.  INTRODUCTION 

Grinding  and  honing  as  finishing  operations,  after  machin- 
ing, have  long  been  economical  methods  of  obtaining  accuracy  and  fine 
finish.  Recent  developments  have  greatly  increased  the  number  of 
practical  applications  for  abrasive  finishing.  Grinding  is  now  also  com- 
monly used  as  a finishing  operation  for  castings  to  replace  machining. 
This  use  has  been  made  practical  by  the  development  of  improved 
grinding  wheels,  more  powerful  grinding  machines,  and  the  availa- 
bility of  castings  with  close  dimensional  tolerances.  Honing  is  being 
used  in  an  increasing  number  of  applications  to  meet  final  finish  and 
size  requirements. 

Although  the  direct  finishing  of  castings  by  grinding  has 
a number  of  limitations,  it  olfers  several  advantages  where  it  is  ap- 
plicable. The  allowance  for  grinding  can  be  as  little  as  will  clean  up 
and  result  in  the  desired  dimensions,  in  contrast  to  the  stock  allow- 
ance for  machining,  which  should  be  sufficient  so  that  the  tool  con- 
sistently cuts  below  the  cast  surface.  Internal  stresses  usually  involve 
surface  metal,  and  its  removal  can  cause  distortion  of  the  casting. 
Where  distortion  is  critical,  its  correction  may  eliminate  any  ad- 
vantage in  grinding,  and  correction  may  not  be  possible  with  a mini- 
mum finish  allowance.  Interrupted  surfaces,  such  as  those  containing 
slots  or  ports,  offer  no  disadvantage  to  grinding,  and,  in  fact,  are  ad- 
vantageous in  tending  to  reduce  the  grinding  power  requirements 
(for  the  same  volume  of  metal  removed). 

Where  castings  are  hardened  for  wear  resistance  by  con- 
ventional heat  treatment  or  are  surface  hardened  by  flame  or  induc- 
tion, they  can  be  finished  by  grinding.  A typical  example  is  the  pre- 
cision grinding  of  hardened  machine  tool  ways.  White  iron  or  the  high 
alloy  irons  which  are  too  hard  to  be  economically  machined  may  also 
be  finished  by  grinding. 

Thus,  there  are  three  basic  reasons  for  the  use  of  grinding 
to  finish  iron  castings: 

1.  To  obtain  surface  finish  or  accuracy  not  readily  obtain- 
able by  machining. 

2.  To  replace  machining  as  a finish  operation  where  grind- 
ing is  more  economical. 

3.  To  finish  the  types  of  irons  which  are  too  hard  to  be 
machined. 
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II.  GENERAL  CONSIDERATIONS 

The  success  of  any  machine  operation  depends  upon  having 
the  proper  set-up.  In  machining,  the  type  of  iron  being  cut  has  a defi- 
nite influence  in  selecting  the  most  suitable  cutting  rate.  Differences 
in  microstructure  or  hardness  do  not  have  a major  influence  on  the 
grinding  rate,  but  are  important  in  selecting  the  grade  of  abrasive 
wheel  that  is  most  suitable  for  the  job.  Irons  with  a pearlitic  or  heat 
treat  hardened  matrix  and  containing  fine  flake  or  nodular  graphite 
will  have  a better  appearing  surface  when  finely  ground,  but  even  a 
fully  annealed  iron  casting  is  not  soft  enough  to  smear  the  face  of  a 
grinding  wheel.  The  surface  of  the  casting,  however,  can  be  flowed  or 
strained  by  use  of  an  improper  grade  of  wheel. 

The  abrasive  for  grinding  iron  castings  may  be  either  sili- 
con carbide  or  aluminum  oxide.  The  selection  for  best  results  depends 
upon  economical  as  well  as  technical  considerations.  The  wheel  selec- 
tion as  to  abrasive,  grit  size,  grade,  structure  number  and  bond  will 
depend  upon  the  type  of  grinding  operation  to  be  performed  and  the 
finish  requirements  of  the  job.  The  speed  at  which  a grinding  wheel 
operates  is  very  important.  Vitrified  bond  wheels  are  used  at  speeds 
up  to  6,500  surface  feet  per  minute.  Resinoid  bond  wheels  may  be  run 
up  to  9,500  SFPM.  An  excessively  high  speed,  besides  being  unsafe, 
increases  the  apparent  hardness  of  the  wheel  and  may  burn  the  work. 
Lower  than  recommended  speeds  may  result  in  rapid  wheel  wear. 

The  recommendations  following  are  for  general  considera- 
tion. Each  job,  especially  in  production  grinding,  may  have  a sufficient 
number  of  particular  characteristics  to  require  individual  considera- 
tion before  the  best  method  of  grinding  and  grinding  wheel  can  be 
selected.  All  of  the  reputable  abrasive  and  equipment  manufacturers 
have  experts  on  grinding  whose  services  are  available. 


III.  TYPES  OF  FINISH  GRINDING 

The  size  and  shape  of  the  casting,  as  well  as  the  geometry 
and  finish  of  the  desired  surface  primarily  determine  the  type  of 
grinding  operation  that  can  be  used.  The  common  methods  of  finish 
grinding  can  be  classified  under  four  headings : surface,  cylindrical, 
centerless  and  internal.  They  will  be  considered  in  this  order.  The 
many  kinds  of  grinding  machines  also  differ  in  size,  power  and  type 
of  fixture  to  hold  the  work. 
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Fig.  34.  Surface  Grinding  Cast  Hose  Couplings  102  at  a Time. 

These  can  be  finished  from  the  as-cast  condition  at  a rate  of  200  per 
hour. 


A.  SURFACE  GRINDING  . . . 

The  term  “Surface  grinding”  is  used  to  designate  the  grind- 
ing of  flat  surfaces,  although  some  of  the  machines  for  this  purpose 
can  also  be  used  to  grind  certain  other  forms.  Surface  grinders  may 
be  considered  in  three  basic  types,  depending  upon  the  orientation  of 
the  grinding  wheel  and  its  working  face. 

!•  Vertical  Spindle  Grinders:  The  abrasive  wheel  in  this 
type  of  machine  rotates  on  the  bottom  end  on  a vertical  shaft  and 
grinds  on  its  flat  face  as  the  work  passes  under  it.  The  work  table  may 
either  rotate  or  reciprocate  under  the  abrasive  wheel.  This  type  of 
grinder  is  capable  of  very  high  rates  of  metal  removal.  As  a typical 
example,  a 24-grit  18"  x 5"  x 15"  wheel  could  remove  five  cubic  inches 
of  metal  per  minute  from  a 500  sq.  in.  surface. 

Due  to  the  broad  area  of  contact  between  the  wheel  and  the 
work,  the  selection  of  the  proper  type  of  grinding  wheel  is  particularly 
important.  The  wheel  may  be  of  a cup,  cylinder,  or  segmental  type, 
but  generally  has  a vitrified  bond.  Either  silicon  carbide  or  aluminum 
oxide  abrasive  may  be  used,  the  latter  being  preferred  for  the  harder 
grades  of  iron.  The  grit  size  will  depend  upon  the  finish  requirements ; 
the  finer  grits  provide  a finer  finish,  but  the  coarser  grits  remove 
stock  faster  and  more  efficiently.  A number  24  grit  will  produce  a 
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finish  of  approximately  50  microinches  (RMS),  while  an  80  grit  wheel 
can  finish  to  15  microinches  (RMS).  Hardness  grades  of  G to  J are 
commonly  used  with  the  softer  grades  for  the  larger  work  areas. 

2.  Horizontal  Spindle  Grinders:  This  type  of  machine  is 
popular  because  of  its  versatility  in  both  plain  and  form  grinding. 
The  abrasive  wheel  rotates  on  a horizontal  spindle,  and  normally 
grinds  with  its  peripheral  surface.  The  work  table  may  be  of  either 
rotating  or  reciprocating  type.  Vitrified  bonded  wheels  are  normally 
used  in  diameters  from  6 to  20  inches.  Either  silicon  carbide  or  alumi- 
num oxide  abrasive  is  used  in  a grit  size  usually  within  a 36  to  60 
range.  The  coarser  grit  gives  a faster  cut,  while  the  finer  grit  pro- 
duces a better  finish  and  holds  form  more  accurately. 

In  a typical  grade  range  of  H to  K,  the  softer  grades  are 
better  for  fast  stock  removal,  the  harder  grades  for  holding  form  or 
corners.  In  a typical  application,  a 36  grit  wheel  removed  one  cubic 
inch  of  metal  per  minute  and  gave  a 50  microinch  RMS  finish. 


Pig.  35.  Grind  Finishing  of  Three  Surfaces  on  a Gray  Iron 
Housing. 


The  three  fixtures  on  the  rotating  table  of  the  vertical  spindle 
machine  have  been  designed  so  that  three  castings  can  be 
ground  simultaneously,  but  each  on  a different  surface.  A 
casting  is  progressively  placed  in  each  fixture  starting  in  the 
front  position,  as  pictured,  and  moving  counter-clockwise 
around  the  table  after  each  grind.  One  casting  is  completed 
per  operation. 
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Pig.  36.  High  Production 
Continuous  Single  Pass 
Grinding  on  a Multiple 
Spindle  Machine. 


Each  of  the  four  grinding 
wheels  of  this  machine 
takes  a predetermined  and 
automatically  controlled 
increment  of  stock,  so  that 
a surface  is  completely 
ground  in  one  rotation  of 
the  table.  The  twelve  fix- 
tures on  the  table  are  of 
three  different  styles  so 
that  the  three  surfaces  to 
be  finished  on  each  casting 
may  be  ground  in  succes- 
sion. Automatic  gaging 
equipment  compensates 
for  wheel  wear. 


Fig.  37.  The  Ways  of  a 
Machine  Tool  Being 
Ground  on  a Large  Sur- 
face Grinder. 

This  machine  is 
equipped  with  indepen- 
dent vertical  and  hori- 
zontal spindles. 
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Fig-.  38.  Finishing 
the  Face  of  Gray- 
Iron  Housings  on 
a Horizontal  Disc 
Grinder. 


The  surface  plate 
behind  the  opera- 
tor is  used  to 
check  the  -work 
and  indicate  when 
redressing  of  the 
disc  is  necessary. 


3.  Disc  Grinders:  The  horizontal  disc  grinder  has  long 
been  popular  for  finishing  castings.  It  is  particularly  applicable  where 
a flat  surface  is  required  without  exact  dimensional  relation  to  other 
surfaces.  A typical  use  is  for  grind  finishing  of  cover  plates.  Furnace 
doors  and  frames  are  ground  to  a “cigarette  paper  fit”  on  disc  grind- 
ers. A set-up  is  not  necessary  for  this  machine,  since  the  castings  are 
held  against  the  disc  by  hand,  but  care  is  necessary  to  obtain  an  even 
cut  and  to  avoid  overheating.  Resinoid  bonded  silicon  carbide  abrasive 
is  normally  used,  but  the  grit  may  vary  over  a wide  range  (16  to  220) 
depending  upon  the  finish  requirement.  A grade  range  of  L to  P may 
be  considered  normal,  the  selection  depending  upon  the  size  of  the 
work  and  the  amount  of  stock  to  be  removed.  Most  grinders  of  this 
type  are  equipped  with  an  attached  dresser,  so  that  a flat  surface  can 
be  maintained  on  the  abrasive  disc.  There  are  several  other  varieties 
of  disc  grinders,  such  as  a vertical,  twin  disc  type  which  can  surface 
two  parallel  sides  of  a casting  simultaneously. 

B.  CYLINDRICAL  GRINDING  . . . 

A machine  which  supports  and  rotates  the  work  on  centers 
is  called  a cylindrical  grinder.  These  vary  in  size  from  small  tool  room 
machines  to  the  very  large  units  which  are  used  to  finish  rolling  mill 
rolls.  The  abrasive  wheels  for  cylindrical  grinding  are  of  vitrified  or 
resinoid  bonded  silicon  carbide.  For  roughing,  the  grit  size  is  usually 
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Fig.  39.  Finishing  Circular  Saw  Tables  on  a Vertical  Spindle,  Recipro- 
cating Grinder. 

These  accurately  cast  tables  for  a popular  power  saw  are  finished  di- 
rectly by  grinding  after  being  stress  relieved. 


between  24  and  36  in  an  M to  Q grade.  The  grit  size  for  finishing  de- 
pends upon  the  finish  requirements,  but  the  most  desirable  wheel 
grade  will  vary  with  the  size  of  the  work,  since  this  influences  the 
contact  area  between  the  wheel  and  the  work.  Harder  wheels  can  be 
used  on  smaller  work.  The  following  is  a typical  (though  not  invari- 
able) relation. 


Finish — Microinches  RMS 

20 

15 

10 

5 

3 

GRIT  SIZE 

46 

80 

1 20 

220 

400 

GRADE  RANGE 

K to  N 

L to  P 

L to  P 

L to  P 

N to  P 

C.  CENTERLESS  GRINDING  . . . 

In  this  method  round  work  is  supported  on  a work  blade 
between  an  abrasive  feed  wheel  and  the  abrasive  grinding  wheel.  It 
is  the  fastest  production  method  for  finishing  cylindrical  shapes.  A 
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thiough  feed  is  used  when  only  one  (the  maximum)  diameter  is 
being  ground ; otherwise,  a “plunge  feed”  is  used.  Abrasive  wheels  of 
sdicon  carbide  with  a vitrified  bond  are  normally  used.  The  most  de- 
sk able  grit  size  and  bond  vary  widely,  depending  upon  the  type  and 
size  of  work  and  the  finish  requirements.  The  following  data  may  be 
useful  as  a guide: 


Finish — Microinches  RMS 

20 

1 5 

10 

5 

GRIT  SIZE 

36 

60 

80 

120 

GRADE  RANGE 

K to  N 

L to  P 

L to  P 

L to  P 

D.  INTERNAL  GRINDING  . . . 

As  implied,  this  is  a method  for  grind  finishing  the  inside 
surface  of  holes.  Aluminum  oxide  abrasive  is  generally  preferred, 
although  silicon  carbide  is  also  used.  The  proper  selection  of  wheel 
grade  will  depend  upon  the  relative  difference  in  diameter  between  the 
hole  and  the  wheel,  as  well  as  the  other  factors  of  work  and  finish  re- 
quirements. With  a grit  size  of  36  to  60,  the  preferable  grade  may  be 
between  K and  N. 


IV.  HONING 

Honing  is  a low  velocity  abrading  process  that  can  remove 
stock  rapidly  and  generate  a surface  to  accurate  geometry,  size  and 
fine  sui  face  finish.  It  can  be  as  productive  as  conventional  grinding 
and  as  accurate  as  lapping,  but  is  quite  different  from  either.  Honing 
can  be  used  to  finish  both  internal  and  external  cylindrical  surfaces 
and  on  all  types  of  flat  surfaces. 

The  honing  tool  for  internal  cylindrical  surfaces  has  a 
number  of  abrasive  sticks  mounted  around  the  periphery  of  the  body. 
As  the  tool  is  rotated  and  reciprocated  through  the  bore,  the  abrasives 
are  forced  out  radially  by  a positive  wedging  action.  The  force  is  equal 
in  all  directions,  on  the  full  cutting  faces  of  the  sticks.  Either  the  tool 
or  the  workpiece  floats,  so  they  automatically  align  themselves,  gen- 
erating a true  cylinder  along  the  neutral  axis  of  the  bore.  Cylindrical 
surfaces  from  %"  to  40"  in  diameter  are  being  honed.  The  length  of 
the  cylinder  that  may  be  honed  is  limited  only  by  the  stroke  of  the 
machine  used,  of  which  there  are  many  standard  and  special  types. 
Cylinders  40  feet  long  are  being  honed,  when  as  much  as  .100"  is  re- 
moved from  the  diameter. 

The  abrasive  sticks  are  selected  so  as  to  be  self-dressing. 
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The  correct  combination  of  motions  and  pressure  causes  the  abrasive 
grain  to  fracture  and  form  new  cutting  edges  at  the  proper  rate.  The 
large  area  of  contact  between  the  surface  and  the  abrasive,  and  the 
relatively  low  speed  avoid  localized  heating.  The  rotational  speed  used 
in  honing  cast  iron  may  vary  from  100  surface  feet  per  minute  for 
the  harder  types  up  to  250  s.f.m.  for  the  soft  grades  of  iron.  Recipro- 
cation speeds  vary  between  50  to  75  feet  per  minute. 

The  coolant  commonly  used  in  honing  cast  iron  is  kerosene 
mixed  with  lard  oil  in  proportions  of  9 to  1 for  the  higher  speeds,  and 
6 to  4 for  the  lower  speeds.  The  abrasive  sticks  are  of  silicon  carbide 
for  honing  iron  castings.  The  grit  size  is  usually  between  100  and  400 
with  a bond  grade  of  L to  P. 

Although  finishes  with  a roughness  of  only  a few  micro- 
inches RMS  can  be  produced  by  honing,  there  are  many  engineering 
applications  where  waviness  of  the  surface  and  the  lay  (the  direction 
of  the  predominant  surface  pattern)  are  equally  important.  Good  hon- 
ing can  produce  surfaces  that  are  extremely  flat  or  true  cylinders.  The 
typical  cross-hatch  pattern  is 
considered  very  desirable  for 
retaining  lubrication.  Auto- 
mobile engine  cylinders  are 
honed  to  a controlled  rough- 
ness to  promote  a rapid  “wear- 
ing-in” and  a tight  seal.  Speci- 
fications for  roughness  vary 
between  18  and  35  microinch- 
es RMS.  Some  makes  of  re- 
frigeration compressor  cylin- 
der bores  and  pistons  are 
honed  and  selectively  fitted  to 
a .0001"  tolerance;  so  that  a 
gas  seal  is  effected  without 
piston  rings. 


Fig.  40.  Honing  a Refrigeration  Com- 
pressor Cylinder  Bore. 

This  operation  follows  boring,  so  that 
only  .001"  stock  is  removed.  Finish  is 
to  10  microinches  RMS.  Tolerances 
are  ±.0003"  on  the  diameter,  and 
.00015"  out-of -roundness  or  taper. 
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Fig.  41.  Honing 
Cylinders  of  V-8 
Engine  Blocks. 

With  automatic 
loading,  and  in- 
dexing and  auto- 
matic size  control, 
this  machine  can 
hone  100  blocks 
per  hour. 


V.  LAPPING 

Lapping  is  an  abrad- 
ing process  for  refining  the 
finish  and  accuracy  of  a surface, 
rather  than  a method  of  stock 
removal,  since  size  is  seldom 
changed  by  more  than  a few  ten- 
thousandths  of  an  inch.  This 
process  is  characterized  by  the 
use  of  a loose  abrasive  (fre- 
quently suspended  in  oil  or  wa- 
ter) between  the  work  and  a lap. 
The  lap  may  be  of  lead,  copper, 
gray  iron  or  cloth.  The  term  is 
also  used  to  include  finishing 
with  a very  fine  abrasive  paper 
or  bonded  abrasive.  Iron  castings 
are  not  commonly  finished  by 
lapping,  but  gray  iron  is  very 
often  used  for  lapping  plates  to 
finish  other  materials. 


Fig.  42.  Machine  for  Honing  Flat  Re- 
cessed Surface. 

This  type  of  machine  is  used  to  finish 
sealing  surfaces  or  thrust  bearings. 
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CHAPTER  NINE:  METALLIC  AND 
NON-METALLIC  COATINGS  FOR  GRAY  IRON 

INTRODUCTION 


Decision  as  to  the  best 
metal  for  a specific  job  is  very  often  based  solely  on  whether 
the  surface  of  a given  metal  will  resist  the  corrosion,  wear, 
or  other  special  industrial  hazards  involved.  Operational  effi- 
ciency and  cost  of  two  or  more  metals  being  equal,  the  best- 
appearing material  will  then  be  chosen,  and  this  is  again 
based  on  surface  considerations.  Since  gray  iron  very  fre- 
quently exhibits  advantages  in  both  efficiency  and  cost, 
the  subject  of  surface  finishes,  metallic  or  non-metallic, 
available  in  the  case  of  gray  iron  and  the  methods  by  which 
they  may  be  applied  is  of  vital  importance  to  both  purchasers 
and  producers  of  castings. 

The  axiom  should  be  stressed  that  the  best  material  for  a 
given  job  is  that  which  will  meet  service  requirements  at  the 
lowest  cost.  Because  gray  iron,  in  addition  to  useful  me- 
chanical properties  typical  of  all  ferrous  materials,  is 
known  to  possess  very  favorable  characteristics  as  concerns 
castability,  machinability  and  ultimate  economy,  it  normally 
meets  this  minimum  cost  requirement.  Manufacturers  or 
designers  in  the  case  of  new  designs  or  on  redesigning,  will 
logically  give  serious  consideration  to  economies  likely  to 
result  from  the  use  of  gray  iron  components  treated  to 
possess  the  needed  surface  characteristics. 

The  present  discussion  is  devoted  to  metallic  and  non- 
metallic  coatings  that  have  been  successfully  applied  to  gray 
iron  on  a commercial  scale  to  meet  appearance,  corrosion, 
wear  or  other  requirements. 

The  methods  of  applying  coatings  include  spraying,  brush- 
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ing,  welding,  cementation,  dipping,  chemical  conversion, 
chemical  reduction,  or  electroplating.  Because  the  informa- 
tion on  coating  processes  is  so  extensive  and  so  rapidly  de- 
veloping, only  the  possibilities  of  each  type  of  surface  treat- 
ment and  the  most  widely  accepted  method  of  application 
can  be  outlined.  The  reader  is  strongly  advised  to  refer  to 
the  bibliography  and  apply  to  typical  authorities  listed  in  the 
bibliography  and  acknowledgments  if  more  detailed  opera- 
tional information  is  required.  This  is  particularly  desirable 
as  any  survey  of  this  type  in  itself  stimulates  wide-spread 
development  work  designed  to  improve  the  listed  conven- 
tional methods  of  applying  various  coatings  to  gray  iron. 
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I.  METALLIC  COATINGS 

A.  Sprayed  Metal  Coatings 

Metal  spraying,  i.e.,  the  creation  of  a metallic  spray  of  atomized  molten 
metal  and  its  deposition  (by  means  of  a spray  gun)  on  the  surface  of 
base  metals  like  gray  iron,  is  assuming  an  increased  commercial  im- 
portance. Utilizing  this  process,  inexpensive,  readily  cast  materials, 
such  as  gray  iron,  can  be  employed  in  the  core  or  main  body  of  a part, 
and  the  desired  metal  sprayed  on  surface  areas  which  must  withstand 
severe  wear,  extreme  corrosion  or  possess  other  unique  properties  of 


Fig.  1.  Taking  a preliminary  roughing  cut  and  applying  a sprayed  stainless  steel 
surface  to  a large  gray  iron  roll  in  a single  operation. 


the  deposited  metal.  Practically  every  metal  available  in  wire  or  powder 
form,  including  brass,  bronze,  copper,  silicon-bronze,  aluminum-bronze, 
aluminum,  magnesium,  lead,  tin,  iron,  zinc,  cadmium,  babbitt,  nickel, 
carbon  steels,  alloy  steels,  Monel,  stainless  steels,  Stellite  alloys,  moly- 
bdenum, tantalum,  Nichrome,  etc.,  has  been  successfully  sprayed (1). 
This  means  the  indicated  metal  in  either  wire  or  powder  form  has  been 
progressively  fed  into  and  melted  by  the  oxygen-gas  flame  of  the  spray 
gun,  and  the  small  molten  globules  of  metal  picked  up  by  a blast  of 
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compressed  air  have  been 
successfully  deposited  on  a 
prepared  surface. 

One  striking  example  of 
the  use  of  this  method  is 
the  coating  of  gray  iron 
rolls  with  stainless  steel  < 2 > . 
For  example,  a 6,300  lb. 
chill  roll  for  animal  fat  ren- 
dering, equal  in  efficiency 
to  a solid  stainless  steel  roll, 
was  successfully  produced 
from  gray  iron  by  simply 
metallizing  the  roll  surface 
with  a Yu"  thick  layer  of 
sprayed  stainless  steel.  The 
operation  required  only 
three  8-hour  shifts  to  com- 
plete as  opposed  to  the  many  weeks  and  great  expense  that  would 
have  been  required  to  obtain  a solid  stainless  roll.  Another  company  * 3* 
reports  successful  production  of  stainless  steel  and  other  types  of 
sprayed  surfaces  on  cast  iron  rolls  as  large  as  9 ft.  in  diameter  and  9 
ft.  long  for  use  in  rubber  manufacturing,  and  is  actively  engaged  in 
extending  the  process  to  rolls  used  in  other  industries.  Figure  1 illus- 
trates the  spraying  techniques  as  applied  to  a large  roll,  and  Figure  2 
to  a hydraulic  ram  which  is  required  to  resist  4500  psi  in  the  sprayed 
gland  area. 

The  same  technique  has  been  used  to  coat  gray  iron  lathe  beds  with 
hardened  steel,  to  coat  bearing  surfaces  of  air  compressors  with  stain- 
less steel  where  electrolytic  action  is  a factor,  and  to  develop  special 
surfaces  on  many  other  types  of  gray  iron  castings.  It  has  proved  of 
special  value  in  depositing  metals  such  as  lead  and  aluminum  which 
do  not  readily  alloy  or  adhere  to  ferrous  metals (4> . Special  after-treat- 
ments are  occasionally  employed,  such  as  light  shot  blasting  to  densen 
a lead  coating*5*,  reheating  an  aluminum  coating  to  promote  actual 
alloying  with  the  base  metal,  etc. 

Since  the  bond  between  the  base  metal  and  the  sprayed  metal  is 
largely  mechanical,  one  of  three  processes  of  surface  preparation  is 
necessary  prior  to  spraying. 

First,  for  relatively  thin  coatings,  pressure  blasting  with  sand, 
Joplin  grit,  or  angular  steel  grit  is  usually  sufficient  to  key  the  depos- 
ited metal  to  the  base  metal.  If  heavier  coats  are  to  be  applied,  a 


Fig-.  2.  Spraying  the  gland  area  of  a gray  iron 
ram  with  stainless  steel. 
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roughing  cut  or  rough  threading  cut  is  frequently  taken,  sometimes 
followed  by  knurling  the  surface  to  be  sprayed.  This  is  the  most  com- 
mon method  of  preparation  for  heavy  coats,  and  the  advantage  of  using 
a readily  machinable  base  metal,  such  as  gray  iron,  is  at  once  apparent. 

A second  method  is  to  use  an  undercoat  produced  by  stroking  a 
series  of  nickel  electrodes  across  the  prepared  surface  so  as  to  produce 
a frothy,  shallow  layer  of  nickel. 

A third  method  now  involves  the  preliminary  use  of  a newly  de- 
veloped, self-bonding  wire  of  molybdenum  in  the  spray  gun  previous 
to  deposition  of  the  desired  metal <0).  The  molybdenum,  with  careful 
gun  control,  actually  welds  to  the  base  iron  surface.  Use  of  this  “gray 
bond”  method  on  sand-blasted  castings  is  reported  to  be  most  economi- 
cal in  many  cases. 

It  should  be  observed  that  because  of  the  method  of  deposition  there 
is  a tendency  for  a small  amount  of  oxide  and  some  voids  to  be  present 
in  all  sprayed  layers.  The  voids,  or  fine  porosity,  have  been  found  of 
advantage  in  reducing  wear  in  lubricated  applications.  On  the  other 
hand,  this  same  porosity  may  necessitate  a heavier  than  normal  coat- 
ing of  certain  metals  when  the  coating  is  required  to  resist  penetra- 
tion of  corrosive  fluids.  A table  of  life  expectancy  of  different  thick- 
nesses of  zinc  and  aluminum  metallized  coatings  in  contact  with  vari- 
ous atmospheres  has  been  prepared ( 10  > . In  critical  areas,  casting  thick- 
ness can,  of  course,  be  readily  increased  using  the  spraying  technique. 

One  of  the  advantages  of  the  spraying  operation,  as  compared  to 
other  methods  of  coating  castings,  is  that  it  usually  can  be  done  rapid- 
ly. For  example,  while  normally  only  3 or  4 lbs.  of  metal  per  hour  are 
deposited  by  welding,  some  20  lbs.  of  metal  can  be  applied  by  spraying 
in  an  equal  length  of  time.  As  much  as  55  lbs.  of  zinc  per  hour  have 
been  deposited ( 0) . It  is  also  frequently  possible  to  effect  considerable 
savings  on  finishing  operations  as  compared  to  other  methods  of  de- 
position. As  opposed  to  electroplating  or  dipping,  sprayed  metal  can  be 
applied  to  local  areas  without  the  necessity  of  shielding.  Large  cast- 
ings can  be  conveniently  sprayed  after  installation. 

While  sprayed  surfaces  have  given  excellent  results  as  concerns 
wear  resistance  on  bearings  and  packing  surfaces  of  shafts  and  other 
mechanical  parts  submitted  to  wear  or  abrasion,  there  are  limitations 
to  its  use  for  this  purpose.  As  already  noted,  the  material  tends  to  be 
porous  and  consequently,  has  a reduced  tensile  strength  and  impact 
resistance,  particularly  to  point  impact.  It  normally  cannot  be  used  on 
machine  parts  where  it  is  desired  to  build  up  a sharp  edge(7)  although 
as  experience  in  spray  gun  operation  increases,  some  of  these  limita- 
tions may  be  minimized. 
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Emphasis  has  been  placed  on  development  of  new  applications  or 
new  component  metal  parts  made  possible  by  the  spraying  process 
rather  than  its  more  frequent  use  simply  for  re-building  or  mainten- 
ance. This  treatment  appeared  logical  in  view  of  current  development 
work  in  which  the  process  has  been  successfully  adapted  to  a wide 
range  of  new  uses.  However,  as  is  usual  in  such  periods,  it  is  advisable 
to  contact  concerns (8)  that  market  equipment  used  in  the  spraying 
process  and  are  responsible  for  its  successful  operation. 

8.  Hot  Dipped  Coatings 

Metal  coating  by  hot  dipping  processes  is  particularly  adapted  to  use 
with  gray  iron  castings.  Essentially  the  process  consists  in  simple 
immersion  of  a clean  casting  in  a molten  metal  bath  of  the  desired 
composition.  Intricate  or  complicated  casting  shapes  normally  do  not 
constitute  a problem,  and  variation  in  size  is  easily  taken  care  of  by 
varying  the  time  of  immersion  of  the  part  in  the  bath.  Special  cleaning 
processes  or  use  of  fluxes  are  sometimes  necessary  for  optimum  re- 
sults before  dipping  the  castings  as  noted  under  “Tin”,  but  cleaning 
can  usually  be  greatly  simplified  in  operations  such  as  galvanizing. 

a.  Tin  (Tinning)  . . . The  tinning  process  as  applied  to  gray  iron  deserves 
special  consideration.  Besides  providing  a surface  on  castings  highly 
corrosion  resistant  to  the  atmosphere  and  to  various  types  of  food 
stuffs  and  facilitating  assembly  by  soldering  and  sweating,  the  surface 
layer  of  tin  is  also  essential  in  bonding  bearing  metals  effectively  to  a 
gray  iron  or  steel  base.  Incidentally,  tests  have  shown  gray  iron  to 
possess  particular  advantage  over  other  ferrous  base  metals  as  a back- 
ing material  for  bearings <14>.  It  is  significant  from  a commercial  view- 
point that  in  addition  to  a proprietary  cleaning  process  now  widely 
used  to  prepare  gray  iron  for  tinning,  new  developments*11'*12'  have 
demonstrated  that  several  alternate  methods  exist  that  solve  previous 
difficulties  associated  with  tinning  gray  iron  by  dipping  or  wiping.  All 
yield  adherent,  smooth,  continuous  coatings  similar  in  quality  to  hot- 
dipped  tin  coatings  on  mild  steel. 

Proprietary  methods  of  preparing  the  machined  surface  of  gray 
iron  castings  for  tinning  have  been  widely  adopted,  of  which  the 
“Kolene”  process  is  probably  the  most  common.  This  latter  process 
usually  involves  immersion  of  the  casting  in  catalyzed  molten  salts  at 
820-950°  F.,  plus  a sequence  of  oxidation  and  reduction  cycles,  actuated 
by  reversing  an  imposed  electric  current  between  the  casting  and  the 
steel  tank.  The  end  effect  is  normally  to  oxidize  out  graphite  flakes  and 
produce  a ferrite  surface  adaptable  to  tinning.  When  this  prepared  sur- 
face is  subsequently  tinned  and  babbitted,*  tests  have  shown  that  the 
*For  typical  tin  and  lead  bearing  alloys  see  1949  S.A.E.  Handbook,  pp.  475-476. 
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cast  iron  backed  bearings  are  superior  to  steel  backed  bearings  and  are 
equal  or  surpass  in  performance  tri-metal  bearings'14).  The  process  is 
also  employed  in  preparing  the  surface  of  gray  iron  for  electroplating 
tin  and  for  brazing.  Other  proprietary  methods  have  appeared  on  the 
market ( 17  > . 

The  improved  tinning  methods  brought  out  by  the  Tin  Research  In- 
stitute of  Great  Britain  also  depend  on  immersing  the  gray  iron  casting 
in  fused  salts.  Two  types  of  fused  salts  can  be  employed,  namely  chlor- 
ides or  nitrates.  In  the  chloride  treatment,  the  castings  are  mechanical- 
ly cleaned,  immersed  in  a fused  salt  bath  (82%  ZnCl2,  18%  NaCl)  at 
300-350°  C.  (572-662°  F.)  and  held  for  20/40  seconds  after  the  solidi- 
fied salts  melt  from  the  casting  surface,  immersed  for  at  least  three  to 
five  minutes  in  a molten  tin  bath  held  at  a temperature  of  300°  C. 
(572°  F.),  then  drained  and  cooled  either  in  air  or  in  paraffin  oil.  The 
chloride  method  gives  very  adherent  coats  on  properly  cleaned  cast- 
ings. For  example,  white-metal*  lined  bearings  preliminarily  tinned 
by  the  chloride  method  gave  adhesion  values  of  4400-6160  psi. 

The  chloride  method  is  also  used  for  “wiping  on”  tin.  In  this  opera- 
tion cleaned  castings  are  coated  with  an  aqueous  chloride  flux  heated 
to  270-300°  C.  (518-572°  F.),  the  mixture  of  fused  zinc  chloride  and 
sodium  chloride  poured  on  and  washed  over  the  surface  for  1-2  minutes, 
excess  chloride  removed  and  molten  tin  poured  on  and  wiped  over  the 
surface  to  be  tinned  by  means  of  wire  brushes  or  scrapers. 

In  the  nitrate  method  which  gives  even  more  adherent  coatings,  the 
castings  are  mechanically  cleaned,  given  a light  acid  pickle  to  open  up 
graphite  flakes,  immersed  for  15  minutes  in  a fused  nitrate  bath  (50% 
NaN03,  50%  KN0.,)  at  350-400°  C.  (662-752°  F.)  to  oxidize  surface 
graphite,  pickled  in  10%  hydrofluoric  acid  to  remove  scale  from  the 
nitrate  bath,  fluxed  in  an  aqueous  solution  of  the  chloride  salts,  and 
tinned  by  immersion  for  at  least  three  to  five  minutes  in  molten  tin  at 
300°  C.  (572°  F.).  Since  in  the  nitrate  method,  tin  actually  penetrates 
the  cavities  formerly  occupied  by  graphite  flakes,  very  efficient  ad- 
hesion is  obtained ; gray  iron  bearing  shells  tinned  by  this  method  and 
lined  with  tin-rich  bearing  metal  (89.5%  Sn,  7%  Sb,  3.5%  Cu)  have 
consistently  shown  adhesion  values  of  the  order  of  6600  psi. 

In  general,  of  the  two  latter  methods,  the  nitrate  method  is  preferred 
as  being  the  most  flexible  and  reliable,  and  yielding  the  highest  adher- 
ence values.  However,  the  chloride  method  can  be  satisfactorily  used 
and  is  definitely  preferred  for  tinning  by  wiping. 

Both  the  Tin  Institute  methods  and  the  more  widely  used  proprie- 
tary methods  eliminate  former  troubles  associated  with  graphite 
sludge  on  the  iron  surface  after  pickling,  and  even  appear  superior  to 

*For  typical  tin  and  lead  bearing  alloys  see  1949  S.A.E.  Handbook,  pp.  475-476. 
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older  more  expensive  methods  which  involved  electroplating  with  iron 
or  copper  previous  to  tinning. 

Very  wide  gray  iron  composition  limits,  i.e.,  up  to  3.5  % total  carbon, 
2.7%  silicon,  and  1.07c  phosphorus,  are  permissible^5)  without  any 
appreciable  effect  on  tinning  qualities,  which  means  that  superior 
castability  of  high  carbon  equivalent  irons  can  be  fully  utilized. 

The  above  fused  salt  methods  of  preparing  gray  iron  for  tinning  are 
being  successfully  used  on  a commercial  scale  and  their  fuller  utiliza- 
tion cannot  fail  to  extend  the  use  of  tinned  gray  iron  castings  in  such 
applications  as  bearing  shells  for  engines  and  generators,  as  constit- 
uents of  soldered  assemblies,  operating  parts  or  containers  in  food 
processing  equipment,  and  other  applications  where  an  adherent,  con- 
tinuous and  protective  coating  of  tin  is  advantageous.  Some  of  these 
end  uses  of  tinned  gray  iron  are  shown  in  Figs.  3-5. 


Fig:.  3.  Babbitted  gray  iron 
bearing  shell  of  the  main 
bearing  of  a diesel  engine. 


Fig.  4.  Tinned  gray 
iron  radiator  cast- 
ings previously 
cleaned  by  Kolene 
method. 
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Fig.  5.  Gray 
iron  mincer 
parts  tinned 
after  prepara- 
tion by  chlo- 
ride method. 


b.  Zinc  ( Galvanizing)  . . . Zinc  coatings  are  one  of  the  commonest  meth- 
ods of  protecting  ferrous  metals  since  even  though  the  coating  is  in- 
complete the  iron  base  metal  is  protected  from  corrosion  until  the 
overlaying  zinc  and  intermediate  zinc-iron  compounds  are  consumed. 
Since  on  ordinary  exposure  the  zinc  oxidic  salts  formed  on  corrosion 
are  generally  adherent  and  substantially  impermeable,  a marked  in- 
crease in  the  useful  life  of  a part  normally  results.  Zinc  coating  (most 
often  by  the  hot-dip  process)  is  effective  in  increasing  corrosion  re- 
sistance of  castings  to  ordinary  and  industrial  atmospheres,  salt  air, 
and  saline,  alkaline,  and  other  corrosive  water  solutions.  In  fact,  almost 
unlimited  life  often  results  in  a particular  application;  for  example, 
hospitals  have  reported  galvanized  gray  iron  tanks  exposed  to  caustic 
sterilizing  solutions  as  still  giving  good  service  after  27  years. 

This  immunity  to  corrosion  has  resulted  in  the  galvanizing  of  a 
wide  range  of  gray  iron  castings  such  as  bridge  parts,  sumps,  sewer 
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gratings,  dish  washer  parts,  hot-water  furnace  parts,  humidifiers, 
valve  bodies,  miscellaneous  tanks,  pipe  fittings,  refrigerator  parts, 
sterilizers,  pole  line  hardware,  and  a large  variety  of  castings  furn- 
ished the  U.  S.  Government  for  use  in  exacting  Navy  or  Army  applica- 
tions. Despite  favorable  service  records,  it  is  surprising,  however,  how 
limited  is  general  knowledge  of  the  possibilities  of  zinc-coated  gray 
iron  castings  for  replacement  of  comparatively  high  cost,  corrosion- 
resistant  materials. 

If  the  galvanized  part  is  exposed  to  humid  or  stagnant  moisture 
conditions  with  limited  access  of  oxygen,  there  is  sometimes  a tendency 
toward  the  formation  of  voluminous  white  corrosion  deposits  of  zinc 
oxide  instead  of  the  usual  hard  adherent  products.  The  white  deposits 
are  unsightly  and  may  prevent  proper  functioning  of  parts  requiring 
close  tolerances.  Immersion  of  the  zinc-coated  part  in  an  acidified 
sodium  chromate  solution  inhibits  formation  of  such  deposits  (see 
A.S.T.M.  B201-45T).  The  above  process  < 20 > is  the  most  common  and 
is  known  as  chromate  passivation  although  other  proprietary  pro- 
cesses such  as  the  Iridite,  Unichrome  and  most  recently  an  electro- 
lytic process  can  also  be  employed.  Quite  often,  particularly  in  sea 
service,  the  zinc  coating  is  painted,  in  which  case  chromating  may  be 
omitted  and  phosphating  substituted  as  promoting  better  paint  ad- 
herence to  the  zinc  coating. 

Castings  are  either  galvanized  at  the  foundry  or  sent  to  a commer- 
cial galvanizing  plant,  the  choice  naturally  depending  on  the  quantity 
of  castings  to  be  regularly  zinc  coated  and  whether  transportation 
charges  are  a large  factor  in  the  cost.  The  primary  requirement  in 
galvanizing  is  a clean  surface,  and  a typical  cleaning  cycle  consists  in: 
(1)  Thorough  sand-blasting  or  tumbling  since  adhering  sand  will  give 
dark  spots*;  (2)  pickling  at  140-180°F  in  dilute  sulphuric  acid  (3-8% 
concentration)  (often  followed  by  a dilute  hydrochloric  acid  pickle)  ; 
(3)  rinsing;  and  (4)  fluxing  with  fused  ammonium  and  zinc  chlorides 
held  either  in  a separate  container  or  floating  on  the  surface  of  the 
molten  zinc  bath.  The  cleaned  casting  is  then  immersed  in  the  molten 
zinc  bath.  Some  operators  prefer  1%  lead  in  the  zinc  bath  as  giving  a 
better  appearing  coat  and  less  dross* 22 >.  Small  amounts  of  tin  and 
aluminum  are  sometimes  added  to  control  spangle  and  brightness  of 
the  zinc  coat.  Time  in  the  zinc  bath  is  naturally  dependent  on  the 
casting  size,  temperature  of  the  bath,  and  weight  of  coating  desired. 
It  is  common  practice  in  the  case  of  gray  iron  castings  to  specify  an 
average  of  1.8  oz.  of  zinc  per  sq.  ft.  of  casting  surface  (A.S.T.M.  A153- 
47T).  If  a number  of  small  castings  are  being  handled,  it  is  customary 

*In  cases  where  the  casting  is  not  or  cannot  be  thoroughly  sand-blasted,  it 
is  customary  to  pickle  in  5%  hydrofluoric  acid  to  dissolve  adhering  sand. 


524 


METALLIC  AND  NON-METALLIC  COATINGS 


to  spin  or  centrifuge  them  in  a basket  after  galvanizing  which  throws 
off  any  excess  zinc.  This  is  followed  by  quenching  in  water  to  improve 
the  luster  of  the  galvanized  coating.  Control  of  the  “pull-out”  time  is 
effective  in  yielding  the  desired  coating  weight  on  larger  castings. 
Large  castings  of  intricate  shape  are  sometimes  warmed  by  suspend- 
ing them  over  the  zinc  bath  to  minimize  thermal  shock. 

A high  rate  of  dross  formation  (crystals  of  iron-zinc  compound) 
in  the  molten  zinc  bath  has  been  reported  by  some  operators  to  ac- 
company galvanizing  gray  iron  and  other  castings.  It  will  be  found, 
however,  that  such  drossing  can  be  minimized  by  proper  rinsing  and 
fluxing  to  prevent  the  introduction  of  iron  salts  clinging  to  the  cast- 
ings and  by  proper  control  of  the  bath  temperature,  which  should  not 
exceed  about  900°F.  Improvements  in  galvanizing  kettles  have  been 
recently  reported  to  also  reduce  dross* 19 > <23>. 

In  addition  to  the  present  galvanizing  or  hot-dip  method,  which  is 
by  far  the  commonest,  zinc  coatings  can  be  applied  to  gray  iron 
castings  by  the  metal  spraying  method  previously  described.  Zinc  can 
also  be  applied  by  sherardizing  or  by  electroplating  as  will  be  described 
in  the  cementation  and  electroplating  sections.  The  particular  advan- 
tages of  hot-dip  galvanizing  are  that  this  method  is  frequently  the 
cheapest,  good  adherence  can  be  obtained,  galvanized  containers  are 
readily  made  water-tight,  and  heavy  zinc  layers  are  easily  applied. 

c.  Lead  and  Lead-Tin  . . . Lead  coating  of  gray  iron  castings  is  of  inter- 
est because,  although  low  in  cost,  lead  is  more  resistant  to  industrial 
atmospheres  than  zinc  and  has  been  found  essential  to  resist  corrosive 
conditions  in  certain  chemical  operations.  The  temperature  of  molten 
lead  baths  used  for  coating  are  also  low,  normally  less  than  700°F., 
minimizing  thermal  shock  and  distortion.  Despite  these  facts  there 
has  been  only  a limited  application  of  high  lead  coatings  to  gray  iron 
or  to  steel* 24 > for  somewhat  the  same  reasons,  namely;  (1)  pure  lead 
does  not  form  a close  bond  with  iron  (lack  of  intermetallic  com- 
pounds) ; (2)  there  is  a tendency  toward  pinhole  formation;  (3)  lead 
is  soft  and  its  resistance  to  wear  and  abrasion  is,  therefore,  low ; (4) 
there  is  a tendency  to  form  unsightly  corrosion  products;  and  (5) 
lead  is  slightly  cathodic  to  iron  with  the  result  that  if  the  coating  is 
not  complete,  corrosion  may  occur  at  the  expense  of  the  underlying 
iron. 

Some  of  the  adherence  difficulties  can  be  overcome  by  use  of  a lead 
bath  containing  up  to  2.5%  tin  and  2.0%  antimony.  An  alloy  with 
about  0.55%  Zn  has  been  used.  Such  lead  alloys  are  commonly  held 
at  bath  temperatures  of  under  650°  F.  The  hot-dip  lead-alloy  coating 
thickness  on  hardware  specified  by  A.S.T.M.  A267-46T  varies  from 
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0.15  to  0.51  oz.  per  sq.  ft.  (.00016  to  .00053"  in  thickness)  depending 
on  the  size  of  the  article  and  whether  it  is  centrifuged.  Some  authori- 
ties feel  that  because  of  the  low  wear  resistance  of  lead  heavier 
coatings  of  the  order  of  0.003  to  0.005"  are  desirable,  at  least  if  lead 
is  electroplated  or  sprayed.  Use  of  higher  tin-lead  coatings  ( 15-25  % 
tin),  usually  referred  to  as  terne  plate,  is,  of  course,  a possibility  if 
corrosive  conditions  permit.  As  tin  alloys  with  both  gray  iron  and  lead, 
it  is  effective  in  bonding  the  high  lead  coating  to  the  base  metal.  Zinc, 
cadmium,  and  mercury  have  also  been  suggested  as  alloys  to  promote 
the  adhesion  of  lead  coatings (27) . 

Although  no  specific  or  rigid  instructions  are  apparently  available 
on  the  preparation  of  gray  iron  castings  for  lead  coating  by  dipping, 
it  would  appear  that  a decarburizing  treatment  with  fused  nitrate 
salts  or  the  Kolene  process  described  in  the  section  on  “Tinning  Gray 
Iron”  is  a desirable  preparatory  step. 

Lead  coated  gray  iron  castings  should  be  excellently  suited  for  use 
where  high  resistance  to  corrosive  atmospheres  is  the  prime  necessity, 
and  wear  resistance  is  not  required.  Such  uses  would  be  pole-line  hard- 
ware, gasoline  tanks,  electrical  hardware,  outside  building  materials, 
washers,  certain  farm  and  military  equipment,  etc.  Lead  is  also 
resistant  to  sulphuric  and  sulphurous  acid  fumes,  and  as  a coating 
would  be  expected  to  both  resist  these  chemicals  in  dilute  solution 
and  supplement  the  tendency  of  the  underlying  gray  iron  to  resist 
concentrated  sulphuric  acid.  One  of  the  definite  advantages  is  that 
paints  adhere  more  easily  to  lead-coated  materials  than  to  most  other 
metallic  coatings,  and  lead-coated  castings  can  be  painted  without 
weathering<25b 

d.  Aluminum  (Aluminizing)  . . . Very  significant  improvements  in 
methods  of  aluminum  coating  gray  iron  by  hot-dipping  have  recently 
been  realized.  Purchasers  and  producers  of  gray  iron  should  fully 
acquaint  themselves  with  these  advances  leading  as  they  will  to  a 
much  wider  use  of  coated  castings,  particularly  in  the  automotive 
industry. 

Hot-dipped  aluminum  coatings  are  valuable  in  enhancing  resistance 
of  gray  iron  to  both  corrosion  and  to  high  temperatures.  Aluminum 
coatings  should  theoretically  be  consumed  or  sacrificed  while  protect- 
ing the  base  metal  from  corrosion;  however,  early  formation  of  ad- 
herent, low  activity  aluminum  oxide  films  on  the  coating  surfaces  ren- 
ders protection  of  the  base  metal  less  effective  unless  the  coating  is 
continuous.  This  makes  it  particularly  desirable  to  have  good  adher- 
ence or  an  iron-aluminum  layer  between  the  base  metal  and  coating, 
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such  as  is  formed  in  hot-dipping.  Under  such  circumstances  excellent 
resistance  to  the  atmosphere,  liquids,  concentrated  nitric  acid,  etc., 
has  been  reported  <28>. 

As  regards  oxidation  resistance,  the  iron-aluminum  diffusion  zone 
greatly  increases  the  scaling  resistance  at  very  high  temperatures  and 
practically  eliminates  scaling  at  temperatures  up  to  approximately 
900°  C.  (1650°  F.).  In  fact,  service  tests  have  been  so  satisfactory 
that  plans  are  now  under  way  to  adopt  manifolds  of  gray  iron  treated 
by  hot-dipping  in  aluminum.  Such  aluminum-coated  castings  are  of 
potential  value  as  oven  linings,  muffles,  furnace  parts  in  general,  heat 
reflectors,  heating  element  holders,  and  all  applications  where  resist- 
ance to  scaling  or  maintaining  a heat  reflecting  surface  is  desirable. 
It  is  of  interest  that  when  unusually  thick  diffusion  zones  are  desired 
hot-dipped  pieces  are  heated  to  promote  further  alloying  of  the  coat- 
ing with  the  base  iron. 

The  hot-dipping  process  now  in  most  common  use  involves  removal 
of  graphite  from  the  gray  iron  surface  by  the  use  of  proprietary  treat- 
ments such  as  the  Kolene  method  or  use  of  fused  nitrate  or  chloride 
salts,  as  described  in  the  section  on  tinning,  pp.  520-523.  After  this 
cleaning  the  casting  is  dipped  for  a few  seconds  in  a proprietary  flux 
held  in  the  temperature  range  750-825°  F.  It  is  finally  immersed  in  a 
bath  of  molten  aluminum  kept  at  a temperature  of  1250-1300°  F.  In  this 
process  the  final  aluminum  or  aluminum  alloy  bath  is  superimposed  or 
floating  on  the  surface  of  molten  salts  consisting  chiefly  of  barium 
chloride* 28 > *2B>.  An  outer  coating  of  aluminum  0.001"  thick  is  readily 
obtained  coupled  with  an  intermediate  iron-aluminum  layer  of  approxi- 
mately equal  thickness.  It  is  customary  to  specify  an  aluminum  weight 
of  0.50  oz.  per  sq.  ft.  (which  for  the  same  thickness  compares  to  about 
1.3  oz.  per  sq.  ft.  of  zinc). 

Two  older  hot-dipping  processes*31)  *33>  exist,  and  should  probably 
be  mentioned  even  though  they  may  be  largely  supplanted  by  the 
newer  method.  One  involves  removal  of  oxide  from  gray  iron  by  pick- 
ling, heating  in  a reducing  atmosphere  or,  in  the  case  of  the  Nillson 
process* 31 ',  heating  in  a liquid  flux  (10%  cryolite,  20%  zinc  chloride, 
30%  sodium  chloride,  40%  CaCU),  followed  by  immersion  in  molten 
aluminum  at  a temperature  of  1300°  F.  The  second  process,  which  re- 
portedly produces  adherent  aluminum  coats,  involves  use  of  thin  under- 
coatings of  tin,  zinc  or  cadmium  (servarizing)  before  immersing  in  the 
molten  aluminum.  It  is  not  known  if  any  wide  commercial  application 
has  been  made  of  these  latter  two  processes. 

As  noted  above,  since  development  of  the  simplified  aluminum  coat- 
ing process  for  gray  iron  described  first,  active  interest  has  been  shown 
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in  expanding  uses  for  coated  castings.  Possible  fields,  in  addition  to 
manifolds,  include  protection  of  brake  drums  from  corrosion,  and  use 
of  duplex  wheels  consisting  partly  of  stampings  and  aluminum-coated 
castings.  It  is  believed  that  the  light  aluminum  coat  produced  on  gray 
iron  by  hot-dipping  will  facilitate  later  production  of  integral  castings 
consisting  partly  of  gray  iron  and  partly  of  aluminum. 

C.  Hard  Facing  Materials  and  Methods 

Application  of  hard,  wear-resistant  coatings  to  gray  iron  castings  or 
other  base  materials  by  means  of  either  gas  welding  or  arc  welding  is 
admittedly  one  of  the  most  useful  expedients  available  to  the  designing 
engineer.  These  fusion  methods,  as  opposed  to  spraying,  are  particu- 
larly valuable  if  the  castings  require  heavy,  adherent  surface  armor 
(Yu"  or  over)  resistant  to  impact  or  corrosion  as  well  as  wear.  It  should 
be  recalled,  however,  before  any  detailed  description  of  the  hard-facing 
process,  that  gray  iron,  because  of  its  high  carbon  content,  can  be  made 
to  possess  a very  hard  outside  chilled  layer  of  wear-resistant  iron  car- 
bides simply  by  very  rapid  cooling  from  the  liquid  state.  Thus,  hard 
facing  of  gray  iron  is  usually  resorted  to  only  when:  (1)  chilling  is 
considered  impractical  or  impossible  because  of  design,  (2)  a worn  part 
is  being  built  up,  or  (3)  a higher  or  special  order  of  wear  resistance,  or 
corrosion  resistance  plus  wear  resistance,  is  required  than  can  be 
furnished  by  a simple  chilled  layer. 

In  common  with  other  coating  methods,  hard  surfacing  permits  the 
use  of  a comparatively  low  cost  base  material  such  as  gray  iron.  This 
is  true  because  only  the  particular  surface  that  must  resist  abrasion, 
impact,  corrosion  or  heat  need  be  hard-faced  in  the  vast  majority  of 
applications.  Using  hard  facing,  all  the  economies  of  longer  life  of  equip- 
ment (inherent  in  the  ability  of  hard-facing  alloys  to  outwear  by  2 to 
25  times  the  usual  ferrous  materials)  can  be  realized.  The  economies 
include,  as  well  as  obvious  savings  in  periodic  replacement  cost  of  the 
part,  elimination  of  shut-down  time  and  prevention  of  a serious  loss  in 
operating  efficiency  of  the  part  previous  to  final  replacement.  Some  of 
the  gray  iron  castings  that  have  been  satisfactorily  hard  faced  by 
oxy-acetylene  and  arc  processes  include  crushing  rolls,  large  blades 
used  to  mix  sand  and  cement,  pulverizer  discs,  muller  tires,  augers, 
pug  mill  knives,  pump  castings,  conveyor  screws  and  agricultural  ma- 
chinery. Figs.  7,  8,  9 and  10  show  some  of  these  typical  uses  of  hard- 
facing  materials  in  the  casting  field. 

Hard-facing  alloys  are  furnished  in  rod  or  tube  form  to  facilitate 
their  deposition  by  either  gas  or  arc  welding.  They  are  normally  divided 
into  four  classes,  as  follows:  Class  I — ferrous  base  alloys  with  less  than 
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20%  of  alloying  elements  such  as  chromium,  tungsten,  manganese,  sili- 
con, carbon,  and  nickel.  Included  in  this  class  are  steels  in  which  wear 
resistance  is  sacrificed  to  toughness.  Some  alloy  gray  irons  are  also  in- 
cluded. Class  II — alloys  with  over  20%  of  alloying  elements  of  the  type 
contained  in  Class  I,  generally  less  tough  but  harder  than  the  Class  I 
alloys.  High  carbon,  high  chromium  alloys  often  with  smaller  amounts 
of  manganese,  molybdenum,  etc.  are  among  the  most  common  rods  in 
Class  II.  Class  III — nonferrous  alloys  whose  main  constituents  are 
typically  chromium,  cobalt  and  tungsten,  although  special  elements 
such  as  boron  may  be  present,  and  nickel  may  be  used  instead  of  or  in 
addition  to  cobalt  as  a matrix  in  which  to  hold  carbides  or  compounds 
of  the  other  alloying  elements.  In  this  class  are  the  so-called  Stellite 
type  alloys,  valuable  for  corrosion  resistance  and  wear  resistance  at 
high  temperatures.  Class  IV — the  so-called  diamond  substitutes  that 
consist  usually  of  tungsten  carbide,  although  tantalum  carbides,  titan- 
ium carbides  or  borides  of  chromium  are  sometimes  present.  The  ex- 
tremely hard  materials  in  this  last  class  offer  maximum  wear  resist- 
ance, and  are  normally  furnished  as  (1)  cast  inserts  ready  to  be  welded 
in  place,  (2)  as  a composite  rod  in  which  the  particles  of  tungsten  car- 
bide are  embedded  in  a fusible  alloy  such  as  steel,  or  (3)  as  tungsten  car- 
bide particles  or  powder  enclosed  in  a steel  tube  (60%)  tungsten  carbide, 
40%  steel).  In  the  latter  case,  the  melted  steel  acts  to  bond  the  carbide 
pai  tides  to  the  wearing  surface  during  the  welding  operation.  The 
carbide  particles,  unless  very  fine,  resist  any  melting  action. 

All  the  above  hard-facing  materials  can  be  applied  to  gray  iron  al- 
though by  far,  greatest  use  has  been  made  of  Class  I and  II  hard-facing 


Fig.  7.  Hard-faced 
muller  tires.  The  12  ft. 
wheels  are  approx.  24 
in.  in  width  and  as 
much  as  300  lbs.  of 
hard-facing-  material 
may  be  deposited  on 
the  wearing  faces  of  a 
pair  of  such  wheels. 
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Fig.  8.  Hard-faced  gray  iron  augers  18"  to  24"  in  diameter. 


Fig.  10.  Comparative  wear  of  an 
uncoated  and  hard-faced  pug 
knife. 


Fig.  9.  Gray  iron  pump 
casting.  The  36"  inside  di- 
ameter is  lined  with  hard- 
facing  material. 
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alloys.  Of  these  the  high  carbon  (2%  or  above),  high  chromium  (15- 
30%)  alloys  have  proved  most  advantageous.  Effective  use  of  these  less 
costly  grades  of  alloys  is  made  possible  because  dilution  of  the  deposit- 
ed metal  with  gray  iron  is  generally  not  as  deleterious  as  with  lower 
carbon  alloys.  The  higher  carbon  contributed  by  the  gray  iron  base  is, 
in  fact,  often  beneficial  in  maintaining  wear  resistance.  High  man- 
ganese and  stainless  steels  have  also  been  found  useful  in  application 
where  resistance  to  impact  and  corrosion  is  needed ( 40 > . 

Although  both  gas  and  arc  deposition  have  been  widely  used  com- 
mercially, it  is  not  always  understood  that  the  technique  of  applying 
any  hard-facing  alloy  to  gray  iron  should  drastically  differ  from  that 
employed  in  the  case  of  mild  steel.  In  fact,  the  technique  closely  ap- 
proaches that  required  for  very  high-carbon  steels,  and  failure  to  real- 
ize this  fact  has  led  to  much  unjustified  prejudice  against  gray  iron  as 
a base  for  depositing  hard-facing  alloys  by  fusion.  Some  space  will 
consequently  be  devoted  to  desirable  precautions  when  coating  gray 
iron. 

It  is  initially  assumed  that  the  casting  has  been  thoroughly  cleaned 
so  as  to  remove  both  surface  and  impregnated  oil,  dust,  rust,  etc.  This 
same  precaution  applies  in  the  case  of  any  metal  to  be  hard  faced. 
Cleaning  is  particularly  desirable  in  rebuilding  or  resurfacing  castings 
that  have  already  been  contaminated  in  service.  It  is  generally  recom- 
mended that  the  depth  of  hard-facing  coatings  be  limited  to  1/4".  If  a 
greater  build-up  of  the  surface  is  necessary,  it  should  be  done  using 
undercoats  of  a low-carbon  steel  rod,  a nickel  rod,  or  a rod  similar  in 
composition  to  the  base  metal. 

Setting  up  exact  welding  directions  is  complicated  by  two  factors. 
The  first  is  the  existence  of  strong  proponents  of  both  gas  and  arc  de- 
position methods.  Both  agree  as  to  the  feasibility  of  the  two  processes, 
but,  based  possibly  on  the  breadth  of  their  own  experience,  differ 
sharply  as  to  which  of  the  two  methods  is  the  best  and  most  foolproof. 
The  second  is  the  difference  of  opinion  as  concerns  preheating  gray 
iron  before  welding — all  agreeing  as  to  its  advisability  in  guarding 
against  cracking  of  the  casting  due  to  localized  thermal  expansion  or 
contraction,  but  varying  as  to  its  necessity  in  particular  cases.  An 
attempt  will  be  made  to  resolve  these  difficulties,  always  with  the  pro- 
viso that  in  the  hands  of  an  expert  welder  many  requirements  can  be 
waived. 

First,  as  concerns  preheating,  it  has  been  found  possible  with  little 
or  no  preheating  to  successfully  hard  face  large  castings  capable  of 
ready  absorption  of  the  substantial  amounts  of  heat  developed  in  arc 
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deposition.  The  arc  method  is  employed  in  this  case  as  the  intense  heat 
of  the  arc  is  needed  for  fusion  in  the  absence  of  any  preheat.  A skip 
welding  technique  (laying  widely  spaced,  short  beads)  is  employed  to 
lessen  thermal  stresses,  and  the  temperature  of  the  gray  iron  base 
metal  gradually  and  uniformly  raised  through  the  heat  input  of  the 
welding  operation.  In  many  cases  the  operator  preferentially  selects  a 
Class  II  type  electrode  or  a Class  I type,  high  in  carbon  and  chromium 
contents,  that  will  produce  a deposit  which  will  tend  to  cross-crack, 
thereby  relieving  cooling  or  contraction  stresses,  and  preventing  pos- 
sible cracking  of  the  casting  itself  or  peeling  of  the  deposit.  Such 
cross-cracking  or  checking  normally  has  no  adverse  effect  on  the  effi- 
ciency or  wear-resisting  ability  of  the  hard-faced  deposit.  The  muller 
tires  shown  on  page  19  exhibit  such  a deposit.  If  freedom  from  check- 
ing is  deemed  essential,  preheating  should  be  resorted  to.  The  recom- 
mended preheat  is  750-1100°  F.  (400-600°  C.)  although  temperatures 
as  low  as  400  to  500°  F.  have  been  reported  to  be  adequate  in  sections 
remote  from  the  fusion  zone. 

Although  arc  welding  is  usually  the  most  rapid  and  cheapest  deposi- 
tion method  < 39  > , there  is  no  question  that  the  base  metal  is  exposed  to 
steeper  thermal  gradients  and  more  decided  thermal  shock  in  the  arc 
process  than  in  gas  welding,  and  several  expedients  have  been  com- 
monly employed  to  lessen  danger  of  cracking  the  base  metal,  particu- 
larly if  adequate  preheating  is  not  available.  These  include:  (1)  using 
a low  current  density  to  minimize  both  heat  penetration  into  and  melt- 
ing of  the  base  metal;  (2)  after  initial  deposition  of  the  first  hard- 
facing  material,  deposition  of  further  hard-facing  material  by  direct- 
ing the  arc  against  the  preceding  bead  of  hard-facing  material  rather 
than  against  the  base  metal  (3)  welding  down-hill  to  minimize  the  zone 
of  penetration,  and  (4)  as  previously  noted,  skip  welding,  back  welding 
and  weaving.  All  the  above  precautions  are  obviously  directed  toward 
preventing  local  overheating  and  building  up  of  stresses. 

Gas  welding,  as  a means  of  depositing  the  hard-facing  alloys,  pos- 
sesses the  advantage  that  the  oxyacetylene  flame  itself  can  be  used  to 
preheat  the  area  to  be  hard  faced  and  to  avoid  sharp  temperature 
gradients.  This  is  particularly  advantageous  when  small  castings  such 
as  dogs,  certain  types  of  gear  teeth,  etc.,  must  be  coated.  In  the  case 
of  larger  castings  standard  preheating  precautions  should  normally  be 
observed.  A much  smoother  final  surface  is  produced  in  gas  welding 
than  is  usually  possible  using  arc  welding.  It  is  also  possible  to  readily 
apply  much  thinner  coatings  using  the  gas  method. 

In  the  case  of  gas  welding  recommendations,  attention  is  drawn  to 
the  fact  that  a reducing  flame  should  be  employed  when  coating  gray 
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iron  but  somewhat  less  reducing  than  that  used  when  coating  steel.  A 
larger  tip  than  normal  is  advisable,  and  the  flame  should  be  held  at  an 
angle  of  30  to  45°  to  the  casting  surface  to  preheat  the  base  metal  in 
advance  of  the  deposit.  With  the  Class  I and  II  alloys  normally  employ- 
ed, it  is  desirable  to  melt  only  a small  area  at  a time  with  the  torch  and 
break  the  surface  crust  as  it  forms  with  the  rod.  Puddling  is  usually 
necessary  and  a good  flux  helpful. 

Class  III  alloys,  although  less  frequently  applied  to  gray  iron,  are 
handled  in  a similar  manner  except  that  it  is  desirable  during  gas  weld- 
ing to  apply  a thin  initial  coat  of  alloy  and  then  build  it  up  to  the  de- 
sired thickness.  Apparently,  only  limited  experience  is  yet  available 
concerning  deposition  of  Class  IV  alloys  on  gray  iron.  Precautions  are 
presumably  the  same  as  with  steel.  For  example,  it  is  reported  that 
particular  care  should  be  taken  to  avoid  deep  penetration  in  the  base 
metal.  Some  stirring  with  the  rod  is  usually  necessary  as  the  tungsten 
carbide  particles  in  the  rod  or  tube  do  not  melt.  The  deposit  should  not 
be  kept  molten  too  long,  and  the  welding  tip  should  be  large  enough 
to  supply  the  required  heat  without  blowing  the  metal.  When  the  melt- 
ing point  of  any  of  the  deposited  alloys  approaches  that  of  gray  iron  and 
the  base  casting  is  very  thin,  wet  asbestos  or  carbon  paste  can  be  used 
to  prevent  collapsing  or  a run-out. 

In  the  above  description  of  hard  facing,  no  reference  has  been  made 
to  special  surfacing  alloys  such  as  the  lower  melting  point  bronze  al- 
loys. These  have  proved  to  have  definite  value  in  building  up  worn  sur- 
faces and  furnishing  localized  corrosion  resistance,  and  have,  there- 
fore, been  widely  employed.  Because  of  their  low  melting  point,  little  or 
no  difficulty  is  encountered  in  their  application.  They  can,  however, 
hardly  be  classed  as  true  hard-facing  alloys. 

In  concluding  this  abbreviated  discussion  it  might  be  noted  that 
some  consideration  is  being  given  to  the  possibility  of  arc  or  gas  depo- 
sition of  a softer  bonding  layer  of  a metal  such  as  nickel  on  gray  iron 
and  other  base  materials  previous  to  deposition  of  the  final  hard-facing 
layer.  Composite  coatings  of  this  type  would  appear  a fruitful  field  for 
further  development. 

D.  Cementation  or  Diffusion  Coatings 

In  cementation  processes,  as  in  hot-dipping,  an  alloying  action  takes 
place  between  the  surface  layer  of  a desired  metal  and  the  underlying 
gray  iron.  Cementation  differs,  however,  from  hot-dipping  in  at  least 
two  important  particulars.  First,  the  use  of  a molten  metal  is  not  re- 
quired, the  casting  being  heated  in  (1)  a powdered  metal,  (2)  a gas- 
eous atmosphere  of  volatized  metal  or  its  salts,  or  (3)  a fused  bath  of 
metal  salts.  Second,  since  the  cementation  reaction  is  “really  a slow 
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creeping  of  one  metal  into  another”*,  the  final  coating  is  comparable  to 
the  inner  or  alloy  layer  of  a hot-dipped  coating  of  the  same  metal. 

a.  Aluminum  ( Calorizing)  . . . The  calorizing  process  consists  essentially 
in  heating  an  article  in  contact  with  aluminum  powder,  alumina,  and 
ammonium  chloride  for  the  purpose  of  diffusing  aluminum  into  the  sur- 
face of  the  base  metal  and  thereby  increasing  its  resistance  to  oxida- 
tion at  high  temperatures.  It  has  been  successfully  applied  to  gray 
irons ( 41  > as  well  as  other  metals.  Equal  protection,  however,  is  not  af- 
forded all  metals.  It  is  pointed  out  by  investigators  that  at  very  high 
temperatures  the  tendency  for  some  gray  irons  to  “grow”  on  repeated 
heating  and  cooling  will  tend  to  crack-up  or  “craze”  the  surface  oxide 
or  aluminum-containing  skin  produced  on  the  casting  by  calorizing. 
This  is  followed  by  oxidation  along  the  lines  where  the  skin  has  frac- 
tured. It  is,  therefore,  desirable  to  select  a gray  iron  for  calorizing  that 
is  resistant  to  growth.  Many  of  these  growth-resistant  irons  contain 
small  amounts  of  chromium,  and  may  require  an  increase  in  the  quan- 
tity of  chloride  in  the  calorizing  mixture  to  overcome  the  tendency  for 
chromium  to  slow  up  aluminum  diffusion. 

A number  of  variations  in  the  calorizing  process  have  been  develop- 
ed, typical  calorizing  mixtures  * 41  > varying  from  one  containing  49% 
aluminum,  49%  alumina,  2%  ammonium  chloride  to  a patented  mix- 
ture containing  70%  aluminum  powder,  23%  ammonium  chloride,  and 
7 % zinc.  Most  processes  involve  heating  the  casting  in  the  mixture  in 
a closed  vessel  at  temperatures  varying  from  1500  to  1600°  F.  (700- 
850°  C.).  Heating  times  vary  depending  on  the  desired  depth  of  pene- 
tration, usually  of  the  order  of  0.01"  or  under.  One  process  actually  in- 
volves a post-heating  period* 42 > to  produce  further  diffusion  of  alumi- 
num to  a depth  of  0.025"  to  0.040"  to  avoid  the  spalling  possible  with 
thinner  coats.  For  maximum  resistance  to  oxidation,  an  aluminum  con- 
tent of  at  least  9.5%  should  be  present  in  the  outer  layers,  although 
the  effective  protective  layer  is  generally  much  higher  in  aluminum 
(FeAlj)  before  being  gradually  depleted  by  diffusion  through  post 
treatments  or  continued  exposure  to  high  temperatures. 

A similar  process  known  as  Aliting  or  Alitizing  has  been  developed 
in  Germany  and  involves  replacing  the  aluminum  powder  in  the  calor- 
izing process  with  a powdered  iron-aluminum  alloy  containing  around 
60%  aluminum.  Although  some  improvement  in  mechanical  properties 
is  claimed  for  the  coating  so  obtained,  it  appears  doubtful  whether 

*Rawdon,  H.  S.  Protective  Metallic  Coatings.  Chemical  Catalog  Co.,  Inc.,  New 
York,  1928,  pp.  30-31. 
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Alitizing  is  applicable  to  gray  iron  or  other  high  carbon  alloys  due  to 
the  formation  of  A14C3  which  tends  to  be  decomposed  by  damp  air,44L 

The  main  disadvantage  of  either  the  calorizing  or  Alitizing  process 
is  the  necessity  that  articles  be  packed  in  gas-tight  retorts  which 
limit  the  size  of  the  castings  and  involve  their  treatment  previous  to 
assembling.  To  partly  overcome  these  limitations  two  processes  have 
been  suggested.  One,  still  largely  in  an  experimental  stage,  involves 
deposition  of  a thin  coating  of  aluminum  by  exposure  to  aluminum 
chloride  vapor  at  temperatures  of  1652-1832°  F.  (900  - 1000°  C.).  The 
second  process  involves  spraying  an  aluminum  coating  on  the  ar- 
ticle* < 41  > and  then  heat  treating  to  promote  alloying  of  the  aluminum 
coating  with  the  ferrous  casting  base.  Protection  must  be  given  the 
sprayed  coating  during  heating  for  alloying  and  is  provided  by  materi- 
als such  as  bitumastic  paint. 

Calorizing  and  the  other  methods  of  producing  aluminum-rich  coat- 
ings may  be  used  to  protect  containers  used  in  treating  metals,  such  as 
carburizing  boxes,  annealing  boxes  and  trays,  pots  for  lead,  cyanide  and 
salt,  retorts,  etc.  and  to  protect  furnace  fittings  such  as  doors,  ash 
shoots,  baffle  plates,  etc.,  and  in  miscellaneous  applications  such  as  heat 
exchangers.  Protection  both  to  high  temperatures  (up  to  1400°  F.)  and 
substantial  resistance  to  sulphurous  gases  is  claimed. 

b.  Chromium  (Chromizing)  . . . There  is  an  increasing  interest  in  chrom- 
izing, i.e.,  production  of  a high  chromium  layer  on  gray  iron  or  steel 
by  displacement  of  iron  by  chromium  and  diffusion  of  chromium 
into  the  base  metal.  Extensive  commercial  progress,  in  fact,  took  place 
in  Germany  during  the  last  war.  This  interest  is  understandable  as  es- 
sentially such  coated  castings  are  as  satisfactory  from  a surface  per- 
formance standpoint  as  solid  “stainless  steels”* 40 >.  The  resultant  in- 
tegral, non-flaking  cases  have  a chromium  content  normally  varying 
from  about  35-70%  at  the  immediate  surface  to  about  13%  chromium 
at  the  interface  of  the  case  and  the  base  metal.  This  means  that  the 
surface  of  a casting  so  treated  will  exhibit  the  corrosion  resistance, 
wear  resistance,  and  oxidation  resistance  of  a chromium-iron  alloy  of 
similar  composition.  For  example,  chromized  layers  as  thin  as  0.005 
mm  have  exhibited  complete  resistance  to  a 1:2  concentrated  nitric 
acid-water  solution  at  room  temperature  during  tests  lasting  over 
several  months. 

Potential  importance  and  possibilities  of  chromizing  gray  iron  have 
been  highlighted  by  a very  recent  work*40*  on  this  subject  sponsored 
by  the  U.  S.  Air  Materiel  Command,  which  has  demonstrated  that  gray 

*See  previous  section  on  “Sprayed  Metal  Coatings.” 
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iron  can  be  successfully  chromized.  Uniform,  corrosion-resistant  cases 
produced  on  gray  iron  were  found  to  be  of  similar  depth  to  those  pro- 
duced on  SAE  1015  and  other  common  types  of  steels,  completely  up- 
setting previous  opinions,  based  on  early  work,  that  a very  low  carbon 
content  in  the  base  metal  was  necessary. 

Essentially  the  process  involves  immersion  of  the  gray  iron  casting 
in  a molten  bath  consisting  of  30%  chromous  chloride,  30%  barium 
chloride  and  21%  sodium  chloride  plus  some  chromium  metal.  The  bath 
is  heated  to  about  1830°  F.  (1000°  C.)  producing  case  depths  of  0.010 
mm  in  one  hour  and  0.025  mm  in  three  hours. 

Other  methods  of  chromizing,  such  as  the  pack  process,  Chromalloy- 
ing ( 49 ) , BDS  process*45),  etc.,  should  be  mentioned.  The  same  au- 
thors* 40 > that  investigated  the  fused  chloride  method  just  described 
demonstrated  that  gray  iron  can  be  satisfactorily  chromized  by  the 
pack  process,  i.e.,  by  heating  in  a ferrochromium-alumina  mixture  in 
the  presence  of  a hydrogen-hydrogen  chloride  gas  atmosphere  mixture. 
They  report,  however,  that  a longer  time  is  apparently  required  in  the 
pack  process  than  in  the  fused  salt  method  for  an  equal  case  depth. 
The  fused  salt  method  possesses  the  further  advantages  that  the 
process  can  be  operated  continuously  without  the  packing,  furnace- 
heating, furnace-cooling,  and  unloading  cycles  necessary  with  either 
the  pack  or  BDS  process. 


The  Chromalloy  * 49  > process  has  only  recently  been  reported,  and  no 
details  have  so  far  been  obtainable.  It  would  appear  to  be  a variation 
of  the  pack  process  and  is  claimed  to  be  applicable  to  gray  iron. 


Fig.  11.  Photomicrograph  of  case  on  gray 
iron  chromized  for  3 hours  at  1035°  C. 


The  BDS  process,  which 
has  had  some  commercial  ap- 
plication in  treating  steel,  con- 
sists in  heating  parts  to  be 
chromized  under  a reducing 
or  inert  atmosphere  in  retorts 
together  with  chromous  chlo- 
ride-impregnated porcelain. 
The  BDS  process  has  itself 
apparently  not  been  applied  to 
gray  iron. 

Although  no  extensive  com- 
mercial application  in  this 
country  of  chromizing  either 
gray  iron  or  steel  is  believed  to 
have  taken  place,  the  possibili- 
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ties  are  very  considerable.  This  is  particularly  so  since  the  same  proc- 
ess and  materials  can  be  used  interchangeably  for  coating  both  gray 
iron  and  steel.  Chromized  valves,  manifolds  and  pre-heater  tubes  are 
typical  applications  in  which  the  process  has  been  found  useful  in 
Germany. 

c.  Zinc  (Sherardizing)  . . . This  process,  which  is  simply  one  of  zinc  im- 
pregnation, consists  in  bringing  iron  articles,  such  as  castings,  in  con- 
tact with  zinc  powder  (maintained  at  84-92%  metallic  zinc)  in  tightly 
sealed  revolving  drums  heated  to  660  to  700°  F.  The  resulting  sherar- 
dized  or  zinc-iron  coating  has  an  average  iron  content  of  8 to  10%.  The 
thickness  of  the  coating  produced  in  three  hours  is  stated  to  be  about 
0.0025"* 50  >. 

Although  the  zinc-iron  coatings  are  less  anodic  to  iron  than  pure 
zinc  and  gradually  darken,  they  do  stand  up  well  if  the  iron  content 
does  not  exceed  the  indicated  percentages.  In  fact,  a report  of  A.S.T.M. 
Committee  A-5  (1936)  states  that  sherardized,  hot-dipped,  and  plated 
zinc  coatings  of  equal  thickness  show  about  the  same  life  in  similar 
environments. 

The  advantage  of  the  sherardizing  process  is  that  a uniform  coating 
of  zinc  or  iron-zinc  alloy  is  produced.  Threaded  parts  show  no  tendency 
to  fill  up  as  in  hot-dip  galvanizing,  and,  if  allowance  is  made  for  the 
coating,  do  not  need  to  be  recut  after  sherardizing. 

It  is  possible,  as  in  many  other  cementation  processes,  to  use  hot  dip- 
ping as  a preliminary  step.  Thus  the  initial  coating  of  zinc  may  be  ob- 
tained by  hot-dip  galvanizing,  and  the  galvanized  article  subsequently 
heated  to  produce  diffusion  of  zinc  inward  from  the  surface  and  con- 
vert the  coating  to  the  desired  iron-zinc  alloy. 

E.  Electrodeposited  Coatings 

Significance  of  Process  and  Cleaning  Techniques 

Electroplating  is  without  question  one  of  the  most  important  meth- 
ods of  surface  finishing  metal  objects.  Outstanding  surface  properties, 
such  as  corrosion  resistance,  durability,  hardness,  etc.,  can  be  confer- 
red on  the  base  material  by  even  very  thin  electrodeposited  coatings. 
These  practical  advantages  are  usually  coupled  with  improved  appear- 
ance. Typical  metals  used  for  coating  include  copper,  nickel,  chromium, 
cadmium,  zinc,  tin,  lead,  and  alloys  of  these  materials. 

A review  of  process  developments  in  electroplating  of  gray  iron  is 
naturally  of  direct  interest  to  many  producers  and  designers.  This  is 
true  not  only  in  view  of  existing  applications,  but  because  of  the  great 
potentialities  as  concerns  new  and  more  efficient  use  of  electroplated 
gray  iron  castings.  It  should  be  recognized  at  the  outset,  however,  that 
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to  some  extent  full  realization  of  the  inherent  possibilities  of  electro- 
plated castings  has  been  delayed  because  the  best  preparatory  clean- 
ing methods  and  even  optimum  plating  conditions  for  electrodepositing 
a number  of  metals  on  gray  iron  may  differ  from  those  for  steel.  Gray 
iron  can  be  and  is  being  satisfactorily  electroplated  with  most  commer- 
cial metals,  but  failure  of  some  electroplaters  to  make  proper  allowance 
for  these  differences  can  lead  to  difficulties.  A listing  of  the  factors 
that  contribute  to  the  ready  plating  of  gray  iron  is  therefore  necessary. 
These  will  include  preferred  cleaning  methods  and  in  many  cases  pre- 
ferred electrolytes.  No  attempt  will  be  made,  however,  to  describe  in 
detail  procedures  which  are  the  same  as  those  commonly  employed 
for  steel. 

Since  gray  iron  can  be  over-pickled,  which  may  lead  to  the  forma- 
tion of  a graphite  smudge  or  to  a low  overvoltage  condition  conducive 
to  hydrogen  deposition,  the  best  procedures  avoid  extended  pickling 
if  this  is  at  all  possible.  Ground  or  machined  surfaces,  for  example,  do 
not  require  extended  pickling,  and  with  a good  grade  of  casting,  sand- 
blasting or  tumbling  in  a medium  which  cuts  rather  than  smears,  is 
often  sufficient  to  prepare  the  surface  for  plating.  Alkaline  cleaning 
may,  of  course,  be  used  if  necessary,  and  many  platers  regularly  em- 
ploy a final  acid  dip  (for  example  of  3 to  10  seconds  in  20%  hydro- 
chloric acid  solution)  without  any  deleterious  effects ( 55 > <50>  <08>. 

If  it  is  necessary  to  remove  scale,  rust,  or  traces  of  sand  from  the 
casting,  two  typical  solutions  have  been  recommended  f 56 ). 

Solution  1 Sulphuric  acid— 1 pt.  Solution  2 Sulphuric  acid— 12  oz. 


Hydrofluoric  acid — 1 pt. 
Water — 1 gal. 

Temperature — room  or  ele- 
vated 


Nitric  acid — 5 oz. 

Zinc — 1 oz. 

Water — 1 gal. 

No  temperature  specified. 


The  above  cleaning  directions  generally  apply  in  all  gray  iron  elec- 
troplating. However,  experienced  operators  over  the  years  have  de- 
veloped special  cleaning  cycles,  sometimes  applicable  to  both  gray  iron 
and  steel  and  sometimes  to  gray  iron  alone,  that  have  yielded  optimum 
results  with  a given  electrolyte  or  electrodeposited  metal.  These  will 
be  described  in  the  sections  devoted  to  those  particular  electrodeposited 
metals. 

a.  Nickel . . . Nickel  plating  is  one  of  the  most  popular  and  useful  meth- 
ods of  finishing  gray  iron  for  a large  variety  of  industrial  purposes. 
The  many  types  of  nickel  plate  fall  into  two  general  classes — the 
heavy,  wear-  and  corrosion-resistant  “hard”  plates,  and  various  thin- 
ner decorative  plates  with  more  limited  corrosion  resistance. 

Hard  or  heavy  nickel  plating  has  become  progressively  more  im- 
portant in  recent  years.  Originally  used  for  building  up  worn  or  mis- 
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machined  parts,  its  toughness,  wear  resistance,  and  corrosion  resist- 
ance have  recently  led  to  its  use  in  food  processing  equipment,  in  rail- 
road equipment,  rolls  used  in  paper  and  textile  mills,  filter  plates 
valves,  beer  pumps,  etc.  The  deposits  can  be  machined  or  ground,  and 
once  m service  have  a tendency  to  work-harden  while  their  toughness 
minimizes  danger  of  plate  lifting,  cracking,  or  blistering.  In  compari- 
son with  hard  chromium  plating  (the  other  heavy  industrial  plating 
process),  hard  nickel  deposits,  while  they  are  less  hard  and  wear  re- 
sistant, are  often  more  practicable  both  because  of  the  higher  throw- 
ing power  of  the  nickel  plating  solution  and  because  of  the  greater 
rate  of  nickel  deposition,  which  renders  this  process  economically  pref- 
erable. When  great  hardness  and  wear  resistance  are  required,  a thin 
layer  of  chromium  (approx.  0.003")  can  be  deposited  after  a build-up 
with  nickel. 

Nickel  plating  of  castings  does  not  present  any  unusual  cleaning 
problems,  and  the  same  techniques'59)  are  often  used  as  for  low  carbon 
steel.  In  fact,  unusually  good  agreement  exists  between  three  authori- 

as  to  the  optimum  cleaning  cycle.  All  three  authorities 

recommend,  if  necessary,  soaking  or  electrolytically  cleaning  the  cast- 
ings in  an  alkaline  cleaner  within  a temperature  range  of  140°  -200°  F 
The  castings  are  then  rinsed  and  transferred  to  a sulphuric  acid  bath 
containing  25  to  30%  sulphuric  acid  (one  authority  preliminarily  im- 
mersing the  castings  for  5 seconds  in  5%  sulphuric  acid  solution).  All 
three  authorities  agree  that  the  castings  should  be  treated  anodically 
m the  25-30%  sulphuric  acid  solutions.  The  first  operator'84) , using  a 
30%  sulphuric  solution,  recommends  a current  density  of  200  amp./sq. 
ft.  for  20  to  30  seconds.  The  second  operator'59),  using  a 25%  sulphuric 
solution,  recommends  40  amp./sq.  ft.  for  5 minutes  increasing  to  200 
amp.,  sq.  ft.  for  the  next  2 minutes.  The  third  operator'85),  also  using 
a 25%  sulphuric  solution,  employs  a current  density  of  100  amp./sq. 
ft.  for  five  minutes.  In  all  three  cases  the  castings  are  then  ready  to 
rinse  and  transfer  immediately  to  the  plating  bath.  Over-pickling  or 
the  formation  of  a graphite  smut  is  apparently  avoided  by  the  fact 
that  although  etching  and  formation  of  a black  film  takes  place  in  the 
first  15  to  30  seconds  of  the  anodic  treatment  the  casting  then  becomes 
suddenly  passive  and  a vigorous  evolution  of  oxygen  scrubs  off  the 
black  film  and  leaves  the  surface  clean'85).  Where  the  period  of  anodic 
treatment  is  abbreviated  to  30  seconds,  as  in  the  case  of  the  first  oper- 
ator"'4*, a light  scrubbing  is  recommended.  At  least  one  operator'59) 
uses  exactly  the  same  cleaning  operation  for  mild  steel. 

The  most  common  “hard”  plating  bath  solution  (capable  of  deposit- 
ing nickel  in  the  hardness  range  of  35  to  45  Rockwell  C)  is  that  de- 
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Fig.  12.  (Left)  typical  rack  for  plating 
gray  iron  piston  components;  (center) 
the  components  are  loaded  on  the  rack 
ready  for  plating;  (right)  the  plated 
piston  parts  after  removal  from  the 
plating  bath. 


Fig.  13.  Gray  iron  pis- 
tons carrying  hard 
chrome  (above),  and 
heavy  nickel  (below). 


Fig.  14.  All  surfaces  of  this  gray  iron  beer  pump  which 
come  in  contact  with  the  liquid  have  a heavy  nickel  plate. 
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veloped  by  the  International  Nickel  Co.  consisting  of  24  oz./gal.  of 
single  nickel  salts  (nickel  sulphate),  3.3  oz./gal.  of  ammonium  chlo- 
ride, 4 oz./gal.  of  boric  acid,  and  1/32  oz./gal.  of  sodium  laurel  sul- 
phate. The  bath  should  be  maintained  at  a temperature  of  110-140°  F., 
a current  density  of  25-50  amp./sq.  ft.,  and  a pH  of  5.75  to  produce 
coatings  of  maximum  hardness(67)<09>. 

Where  less  hardness  is  required,  a Wesley  all-chloride  bath  < 88  > can 
be  used,  or  a Watts  type(08)  bath  where  maximum  softness  is  desir- 
able; a nickel  fluoborate  bath  has  also  been  developed*70).  Any  of  the 
ordinary  plating  baths  may  be  used  to  plate  nickel  directly  on  gray 
iron. 

Decorative  nickel  plate,  as  opposed  to  the  more  utilitarian  heavy 
nickel  plate,  has  been  used  for  many  years  in  applications  where  at- 
tractive appearance  is  the  main  consideration.  Nickel  is  especially 
suited  for  decorative  plate  because  it  does  not  oxidize  appreciably  in 
air  and  because  it  can  be  polished  to  a bright  finish.  In  itself,  thin 
nickel  plate  offers  no  galvanic  protection  to  iron,  and  in  layers  of  less 
than  0.005",  corrosion  of  the  base  metal  underneath  the  plate  is  pos- 
sible. For  this  reason  some  operators  first  apply  a layer  of  copper  (us- 
ually 0.0005"  to  0.0010")  to  the  base  metal  followed  by  an  equal  layer 
of  nickel.  For  maximum  adhesion  of  the  deposit,  an  undercoat  of  cop- 
per is  always  advisable.  Decorative  nickel  has  been  widely  applied  to 
sanitary  ware,  stove  parts,  and  many  miscellaneous  castings. 

There  are  three  types  of 
decorative  nickel  plate  which 
can  be  used  on  gray  iron,  de- 
pending on  the  type  of  bath 
used  in  plating.  Of  these  three 
the  oldest  now  in  common  use, 
and  the  basic  nickel  solution, 
is  the  Watts  bath.  This  pro- 
duces a dull,  gray  deposit 
which  may,  however,  be  buff- 
ed to  a bright  finish;  it  can 
be  applied  directly  to  gray 
iron  and  operates  at  a com- 
paratively high  speed.  This 
bath  is  used  especially  in  cases 
in  which  the  brittle  qualities 
of  bright  nickel  plate  are  un- 
desirable or  with  castings  of 
large  size  which  cannot  be 
economically  polished  to  the 
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degree  required  for  bright  nickel 
plate.  A typical  Watts  bath  con- 
sists of  32  oz./gal.  nickel  sulfate, 
6 oz./gal.  nickel  chloride,  4 oz./ 
gal.  boric  acid,  and  is  operated  at 
a temperature  of  120-160°  F.,  a 
current  density  of  20-100  amp./ 
sq.  ft.  and  a pH  of  either  2. 5-3.0 
or  5.2-5. 8 < 59  > <G0>. 

Far  more  important  to  mod- 
ern industry  are  the  many  proc- 
esses for  bright  nickel  plating. 
These  produce  a very  lustrous, 
hard,  corrosion-resistant  coating 
which  is  highly  decorative.  Fur- 
thermore, this  coating  will  impart 
its  brightness  to  a subsequent 
thin  layer  of  chromium.  For  this 
high  finish,  however,  it  is  abso- 
lutely necessary  that  the  base  metal  be  carefully  polished  and  free 
from  defects  of  any  kind.  A certain  amount  of  smoothness  is  usual- 
ly gained  by  applying,  and  then  highly  buffing  an  initial  layer  of 
copper.  The  most  important  bright  nickel  baths  are  proprietary,  but 
they  consist  essentially  of  a modified  Watts  bath  to  which  small 
amounts  of  cobalt  or  one  or  another  of  the  many  commercially  pro- 
duced organic  “brighteners”  have  been  added.  (For  a list  of  these 
brighteners  see  the  Metal  Finishing  Guidebook-Directory,  1949,  pp. 
274,  277)  <02>. 

A newer  and  quite  promising  type  of  plate,  also  proprietary,  is  the 
so-called  semi-bright  nickel  plate.  The  advantages  claimed  for  solu- 
tions of  this  type  are  that  they  have  greater  toughness  and  smoothing 
power  than  the  normal  bright  nickel  solutions,  and  that  the  semi- 
bright  plate,  since  it  can  be  easily  buffed  to  a very  bright  finish,  can 
be  produced  much  more  economically  than  dull  nickel  plate  deposited 
from  an  unmodified  Watts  bath,  which  requires  considerably  more  buf- 
fing. The  new  process  employs  a modified  Watts  bath  plus  an  addition 
agent ( 03 } . 

b.  Chromium  . . . Chromium  plating  has  assumed  progressively  more 
importance  as  a surface  finish  for  gray  iron.  Thin  decorative  coatings, 
as  well  as  heavier,  hard,  wear-resistant  coatings,  are  employed. 

The  familiar  thin,  decorative  chromium  plate  represents  the  orig- 
inal method  of  chromium  deposition.  Because  such  a plate  provides 


Fig.  16.  Nickel  plated  gray  iron  film 
casting  wheel. 
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only  incomplete  corrosion  resistance  to  the  underlying  metal,  it  is  al- 
most invariably  applied  over  previously  deposited  layers  of  copper  and 
nickel,  or  nickel  alone.  The  resulting  finish  is  comparatively  hard, 
lustrous  and  highly  attractive,  and  will  not  tarnish  even  under  very 
severe  conditions,  being  superior  to  even  gold  or  platinum  in  some  ap- 
plications173*. Chromium  plated  castings  consequently  find  use  in 
plumbing  fixtures,  household  appliances,  electrical  equipment,  etc.  The 
functional  value  of  such  plating  often  goes  beyond  a simply  decora- 
tive one,  as,  for  example,  in  the  case  of  chromium-plated  soleplates  of 
electric  irons  and  chromium-plated  skillets,  both  commonly  made  with 
gray  iron  as  the  basis  metal. 

There  is  no  difficulty  in  applying  this  finish  to  gray  iron.  The  sur- 
face is  usually  cleaned  by  one  of  the  methods  already  described,  polish- 
ed or  buffed,  and  plated  with  copper  and.  nickel  as  noted  above.  For 
maximum  decorative  effect,  it  is  necessary  that  the  nickel  or  copper 
undercoat  be  buffed  free  of  imperfections.  The  fine,  extremely  thin 
chromium  coat  (about  0.00002")  will  reproduce  exactly  the  surface 
on  which  it  is  plated.  The  bath  used  is  that  normally  employed  for  all 
chromium  plating,  namely  a solution  in  water  of  one  hundred  parts  of 
chromic  acid  to  one  part  of  some  acid  radical,  usually  sulphate  [sup- 
plied as  anhydrous  sodium  sulphate  (Na2S04)  or  sulphuric  acid 
(H2S04)]  and  occasionally  fluoride  [supplied  as  hydrosilicofluoric  acid 
(H2SiFc)].  The  solution  normally  used  in  decorative  plating  is  53  oz./ 
gal.  chromic  acid  to  0.53  oz./gal.  sulphate,  operated  at  a temperature  of 
105°  F.  and  a current  density  of  115  amperes  per  square  foot*72)  <73>. 

Production  of  heavier,  so-called  “hard”  chromium  deposits  is  a proc- 
ess which  assumed  great  importance  during  the  war.  It  is  commonly 
applied  directly  to  the  gray  iron  base  without  intervening  copper  or 
nickel  undercoats.  “Hard”  chromium  plate  is  now  recognized  as  one  of 


Fig.  17.  Chromium-plated  gray  iron  dryer  rolls,  180"  long,  42"  O.D. 
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the  most  useful  of  industrial 
finishes.  Outside  of  the  fact 
that  it  is  usually  directly 
plated  on  gray  iron,  it  is  in 
reality  nothing  but  a thicker 
deposit  of  the  normal  decora- 
tive plate.  It  has,  however,  a 
number  of  excellent  qualities 
which  particularly  suit  it  for 
use  on  gray  iron.  It  is  extreme- 
ly hard  (Brinell  1000-1025) 
with  a low  coefficient  of  fric- 
tion, high  seizure  resistance 
and,  in  coatings  of  sufficient 
thickness,  high  resistance  to 
corrosion  and  to  the  action  of 
most  common  industrial  rea- 
gents, except  hydrochloric  and 
sulphuric  acids.  Despite  the  comparatively  high  cost  of  the  process, 
these  remarkable  characteristics  have  led  to  its  wide  use  in  such  appli- 
cations as  rolls  for  the  paper  industry,  dies  for  forming  plastics,  linings 
for  cast  iron  bushings,  glass  manufacturing  equipment,  rams,  plungers, 
spindles,  automotive  operating  parts,  etc. 

Proper  preparation  of  the  gray  iron  surface  is  important.  Two  clean- 
ing cycles  for  gray  iron  have  been  suggested*80)  previous  to  “hard” 
chromium  plating,  it  being  understood  that  these  are  surface  prepara- 
tion methods  very  critical  in  this  type  of  plating  since  direct  high  ad- 
hesion of  chromium  to  the  base  metal  is  required.  It  is  presupposed 
that  the  ground  or  machined  surfaces  do  not  require  pickling.  The  first 
cycle  involves  anodic  cleaning  in  an  alkaline  cleaner  (16  oz.  of  cleaner 
per  gal. — 6 volts),  water  rinse,  etch  anodically  in  chromic  acid  (28  oz./ 
gal.)  for  3-5  seconds,  flash  in  plating  tank  at  10  amp./sq.  in.,  and  then 
drop  current  to  3-4  amp./sq.  ft.  after  about  y2- 1 minute.  This  cycle 
differs  primarily  from  that  used  with  steel  in  that  a flash  deposition  is 
employed.  The  second  cycle  is  only  used  in  the  case  of  extremely  poor 
impregnated  material  and  consists  in  buffing,  washing  in  gasoline,  or 
organic  solvent,  thoroughly  drying  and  rubbing  down  the  surface  with 
either  slaked  lime  or  alumina  powder  previous  to  flashing  in  the  plat- 
ing tank  as  noted  in  the  first  cycle. 

The  same  plating  bath  can  be  employed  as  that  used  for  thin  plat- 
ing, but  a 33  oz./gal.  Cr03,  0.3  oz./gal.  S04  solution  gives  more  rapid 
deposition.  This  can  be  operated  with  a current  density  of  288  amp./sq. 
ft.,  at  a temperature  of  131°  F.  Since  the  throwing  power  of  chrom- 


Fig.  18.  Chromium-plated  gray  iron  drum 
for  the  manufacture  of  salts  used  in  pickling 
meat. 


544 


METALLIC  AND  NON-METALLIC  COATINGS 


Fig'.  21.  Meat  chopper  with 
chromium-plated  Ni-Resist 
parts. 


Fig'.  19.  Chromi- 
um - plated  gray 
iron  soleplate  for 
an  electric  iron. 


Fig.  20.  The  as- 
sembled electric 
iron. 
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ium  solutions  are  in  general  poor,  auxiliary,  conforming  or  dipolar 
anodes  may  well  be  necessary  if  castings  of  intricate  shape  are  to  be 
plated ( 81  > . 

A process  which  has  increased  the  usefulness  of  plated  gray  iron  in 
automotive  and  diesel  engines  is  “porous”  chromium  plating.  It  was 
found  that  the  “hard”  chromium  plate,  despite  a low  coefficient  of 
friction  was  frequently  unsuitable  for  the  plating  of  cylinder  bores 
because  of  its  poor  lubricating  qualities  and  especially  because  of  the 
difficulty  of  machining  the  bores  to  the  desired  tolerances.  However, 
a plate  was  developed  which  was  porous,  that  is  deliberately  designed 
to  contain  pits  or  channels  which  would  serve  to  hold  the  lubricant  and 
avoid  seizing  or  galling.  Using  this  plate,  the  life  of  gray  iron  cylinder 
bores,  has  been  measurably  increased  < 75  > . Its  application  is  gradually 
spreading  to  other  castings,  such  as  compressors,  hydraulic  equipment 
and  special  rolls,  where  lubrication  is  critical  or  easy  release  of  sub- 
stances from  the  plated  surface  is  demanded. 

Three  methods  of  applying  porous  chromium  plate  to  gray  iron  are 
in  use,  i.e.,  producing  in  the  final  plate  the  desired  series  of  indenta- 
tions and  prominences.  They  are  the  “mechanical”  method — which  in- 
volves hard  chromium  plating  over  a roughened  cut,  engraved,  etched 
or  grit  blasted  basis  metal  and  the  “pit”  and  “channel”  methods  in 
which  the  porosity  is  induced  by  chemical  or  electrochemical  etch- 
ing of  chromium  deposits  predisposed  to  etch  unevenly  < 78  > . If  care  is 
taken  in  removing  the  debris  that  can  result  on  polishing  or  honing 
such  a deposit,  reductions  in  piston  wear  of  as  much  as  75%  have 
been  reported ( 79  > . Extensive  tests  have  proved  the  practicability  of 
applying  porous  chromium  plating  to  gray  iron,  and  this  process  should 
materially  extend  the  usefulness  of  gray  iron  castings  under  specially 
severe  or  exacting  wear  conditions. 

c.  Cadmium  . . . Many  of  the  advantages  of  zinc  coatings,  such  as  elec- 
trochemical protection  against  corrosion,  can  be  found  in  cadmium 
coatings.  In  addition,  cadmium  can  be  very  readily  deposited  on  gray 
iron  castings  using  either  “still”  or  “barrel”  methods.  It  is  by  far  more 
common  than  zinc  plating  as  concerns  gray  iron  and  offers  better  pro- 
tection than  zinc  does  to  attack  by  alkalis  or  by  a marine  atmosphere. 
One  other  factor  which  often  makes  cadmium  preferable  is  that,  while 
under  ordinary  atmospheric  conditions  it  corrodes  somewhat  more 
rapidly  than  zinc,  it  is  preferable  for  use  on  castings  which  are  thread- 
ed or  operate  with  close  tolerances,  where  the  unsightly  and  bulky 
white  corrosion  products  of  zinc  may  often  interfere  with  the  action  of 
a machine  or  make  it  difficult  to  remove  parts  for  inspection  or  replace- 
ment. Unfortunately,  however,  cadmium  is  more  expensive  than  zinc 
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and  has,  therefore,  been  mainly  used  in:  (1)  indoor  applications  where 
only  a thin  coating  is  necessary;  (2)  on  products  for  which  zinc  coat- 
ings are  definitely  unsuitable  (such  as  in  machine  parts)  ; or  (3)  as  an 
undercoat  to  assure  perfect  adhesion  and  covering  of  gray  iron  cast- 
ings with  zinc.  In  view,  however,  of  its  attractive  white,  lustrous  finish 
and  particularly  in  view  of  the  economy  arising  from  the  ease  of  sur- 
face preparation  of  the  base  metal,  the  ease  of  deposition  and  of  finish- 
ing the  cadmium  deposit,  it  may  well  prove  to  be  the  most  practicable 
coating  in  many  instances  where  less  expensive  metals  are  now  used 

( 82  ) ( 83  ) ( 84  ) ( 85  ) _ 

There  are  no  particular  difficulties  in  preparing  gray  iron  for  cad- 
mium deposition;  cadmium  will  give  a satisfactory  coat  on  either 
rough  or  machined  surfaces,  and  sand-  or  shot-blasting  usually  pro- 
vides a satisfactory  surface* 83 >,  although  an  acid  dip  (3  to  10  seconds 
in  20%  hydrochloric  acid)  is  frequently  employed.  Cadmium  is  usually 
deposited  from  the  cyanide  bath:  3.5  oz./gal.  cadmium  oxide  and  18 
oz./gal.  sodium  cyanide,  operated  at  a temperature  of  70-95°  F.  If  the 
castings  are  plated  in  still  tanks  a current  density  of  15-45  amperes 
per  square  foot  is  recommended;  in  barrels,  5-25  amperes  per  square 
foot  is  preferable*82'.  Still  tank  plating  is  preferred  in  the  case  of 
castings  that  do  not  cover  well  in  barrels,  as  the  higher  overall  current 
density  will  permit  plating  to  be  started  in  difficult  recesses* 87 >.  Pro- 
prietary brightening  agents  may  be  added  to  insure  a lustrous  deposit. 

The  value  of  the  cadmium  coat,  and  accordingly  that  of  the  cad- 
mium-coated casting,  can  be  enhanced  by  further  finishing  of  the  de- 
posit. The  most  common  finishing  procedure  is  “bright  dipping.”  The 
“bright  dips”  are  solutions  of  oxidizing  agents  which  impart  a lustrous 
surface  to  the  deposit.  The  chromic  acid  dip,  containing  typically  13.3 
oz./gal.  Cr03  and  0.14  oz./gal.  of  concentrated  sulphuric  acid  is 
valuable  in  increasing  the  passivity  of  the  deposit,  whereas  by  using 
the  acid  peroxide  dip  (approximately  7%  by  volume  of  30%  hydrogen 
peroxide  with  0.3%  by  volume  concentrated  sulphuric  acid)  the  ten- 
dency of  the  deposit  to  stain  or  fingermark  can  be  reduced.  Chromate 
passivation  may  also  be  helpful.  Paint  may  be  applied  to  the  cadmium 
surface  after  bonderizing  * 82  > * 83 ' . 

d.  Zinc  ...  In  rural  atmospheres  and  in  some  other  applications  where 
corrosion  resistance  rather  than  wear  resistance  or  attractive  appear- 
ance is  the  main  consideration,  zinc  plate  may  often  be  the  most  eco- 
nomical electrodeposited  finish  for  gray  iron.  It  is  not,  however,  widely 
used  because  of  past  difficulties  of  plating  zinc  directly  on  gray  iron 
from  the  cyanide  bath,  the  most  frequently  used  of  zinc  electrolytes, 
and  cadmium  plate  is  usually  substituted. 
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Gray  iron,  notwithstanding  the  usual  prejudice  based  on  indifferent 
success  with  a cyanide  bath,  can  be  successfully  electrogalvanized  in 
either  an  acid***)  «»>  («)  *92>  or  fluoborate  bath.  If  the  casting  is  not 
ot  an  intricate  shape,  zinc  plating  from  the  acid  bath  may  be  the  most 
economical  method  of  providing  a protective  coating,  the  main  disad- 
vantage of  the  acid  as  opposed  to  either  fluoborate  or  cyanide  baths 
being  its  low  throwing  power.  The  bath  consists  typically  of  32  oz./gal. 
zinc  sulphate,  2 oz./gal.  ammonium  chloride,  4 oz./gal.  aluminum  sul- 
phate and  3 oz./gal.  licorice,  with  7.2  oz./gal.  of  metallic  zinc.  If  operated 
at  a temperature  of  75-120°  F„  at  a pH  of  3.5-4.G  and  a current  density 
o 5-50  amp./sq.  ft.  (a  pH  of  5.0-5. 3 and  a current  density  of  50-100 
amp  /sq  ft.  is  recommended  for  barrel  plating),  this  process  should 
rapidly  build  up  good  protective  coatings  on  gray  iron.  Organic  addition 
agents  may  be  added  to  improve  the  lustre  and  smoothness  of  the  de- 
posit although,  since  acid  zinc  deposits  are  usually  white  and  brighter 
than  cyanide  deposits,  the  main  purpose  of  the  addition  agent  is  normal- 
ly to  refine  the  grain  of  the  deposit  and  to  increase  the  throwing  power 


For  rapidly  deposited  coatings  with  good  adhesion,  uniform  cover- 

a m°re  attractlve  finish,  the  recently  developed  fluoborate 
bath  may  be  used.  The  best  composition  for  gray  iron  is  26.8  oz. 
gal.  zinc  fluoborate,  7.2  oz./gal.  ammonium  chloride,  4.7  oz./gal  am- 
monium fluoborate  and  10.7  oz./gal.  Karo.  The  solution  at  a temper- 
ature of  80-100°  F.  is  operated  at  a pH  of  3.5  to  4.0  with  a current  den- 
sity of  anywhere  from  25  to  800  amp./sq.  ft.  A sodium  zincate  bath  has 
also  been  recommended  for  electrogalvanizing  gray  iron*92). 

Despite  the  applicability  of  these  zinc  electrolytes  directly  to  gray 
iron,  many  platers  prefer  to  employ  a strike  of  some  other  metal,  usu- 
ally cadmium,  followed  by  a build-up  of  zinc  from  a cyanide  bath.  Many 
shops  simply  substitute  cadmium  plating  for  zinc  plating.  This  is  due 
to  the  fa.ct  that  the  cyanide  bath  is  commonly  employed  for  general 
zinc  plating  purposes,  and  the  volume  of  gray  iron  castings  for  which 
a zinc  coat,  as  opposed  to  a cadmium  coat,  is  specified  does  not  justify 
the  cost  of  stocking  acid  or  fluoborate  baths. 

Recent  developments*93)  indicate,  however,  that  some  relief  may 
be  brought  to  the  electroplater  equipped  only  with  the  usual  cyanide 
bath,  and  that  he  may  now  undertake  zinc  plating  of  gray  iron  with 
considerable  confidence.  Two  methods  are  reported  to  be  successful 
with  all  types  of  gray  iron  castings.  One  involves  a high  current  den- 
sity strike  in  a bright  cyanide  solution  containing  5 oz./gal.  of  sodium 
carbonate.  The  other  involves  removal  of  graphite  by  a preliminary 
immersion  of  the  casting  in  fused  alkaline  and  caustic  salts.  After 
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either  treatment  any  of  the  standard  cyanide  zinc  baths  can  be  used 
although  the  bright  zinc  solutions  are  preferred  for  their  superior 
throwing  power. 

Still  a third  method  of  successfully  operating  with  a cyanide  bath 
has  been  suggested ( 94  > . This  involves  additions  of  sodium  stannate  to 
zinc  cyanide  baths  in  order  to  provide  a preliminary  flash  of  tin  plate 
on  which  to  deposit  the  zinc  or  zinc-tin  alloy  plate.  A separate  tin 
strike  made  in  a regular  tin  plating  bath  can  be  used. 

Although,  as  far  as  can  be  learned,  there  has  been  limited  commer- 
cial application  of  zinc-plated  castings,  the  process  is  entirely  feasible. 
If  the  comparatively  thin  electrodeposited  layer  is  adequate,  zinc- 
plated  castings  can  be  used  in  the  same  type  of  applications  and  with 
the  same  confidence  as  hot-dipped  galvanized  castings. 

e.  Copper  . . . Copper  plating  is  widely  used  as  an  undercoat  for  plat- 
ing nickel,  chromium,  and  other  metals.  For  example,  it  is  employed 
as  a soft  overlay  on  the  base  metal  since  it  can  be  more  readily  buffed 
to  a high  polish  previous  to  bright  plating  with  more  corrosion  resist- 
ant metals.  There  has  also  been  considerable  development  of  “bright” 
copper  plating  to  facilitate  smooth  deposits  of  nickel  and  chromium. 

It  is  also  considered  by  some  operators  that  a copper  strike  or  flash 
is  an  essential  part  of  the  cleaning  or  preparatory  cycle  for  electro- 
plating. In  itself  copper  plating  is  very  rarely  used  as  a final  covering 
plate  because  of  its  tendency  to  develop  unsightly  corrosion  and  oxida- 
tion products.  However,  some  use  of  copper  plating  is  made  to  simulate 
“statuary  bronze”  or  other  specially  colored  metallic  finishes,  in  which 
case  it  is  usually  protected  by  a coat  of  lacquer. 

It  is  generally  agreed  that  an  immersion  copper  deposit,  such  as  is 
obtained  by  simple  iron  replacement  with  copper  in  an  acid  solution, 
should  be  avoided  in  the  case  of  both  steel  and  gray  iron,  and,  there- 
fore, gray  iron  castings  should  receive  a strike  or  flash  of  copper  in  a 
copper  cyanide  electrolyte  previous  to  being  transferred  to  one  of  the 
usual  acidified  copper  electrolytes.  It  should  be  noted  that  the  throw- 
ing power  and  cleaning  ability  of  the  cyanide  bath  is  also  superior  to 
the  acid  bath.  The  casting  with  the  copper  strike  can  be  safely  trans- 
ferred as  noted  above  to  any  type  of  copper  electrolytic  solution  or  to 
plating  baths  of  most  other  metals.  Since  no  special  problems  arise  in 
the  copper  plating  of  gray  iron  outside  of  cleaning  precautions  de- 
scribed on  pages  537  through  538*  and  the  same  plating  baths  are  used 
as  with  other  metals,  it  would  appear  unnecessary  to  list  individually 

*It  is  advisable  to  follow  the  acid  dip  and  rinse  with  a dip  in  a 4-6  oz./gal. 

sodium  cyanide  solution  and  again  rinse  before  immersing  in  the  cyanide  bath. 
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the  numerous  copper  electrolytes  used  commercially.  They  can  be  con- 
veniently divided  into  two  general  classes — namely  cyanide  and  sul- 
phate electrolytes. 

An  adequate  cyanide  bath  < 97  > for  use  as  part  of  the  cleaning  process, 
and  for  deposition  of  a strike  prior  to  further  plating,  consists  of  3.0 
oz./gal.  copper  cyanide,  4.5  oz./gal.  sodium  cyanide  and  a 2.0  oz./gal. 
sodium  carbonate.  This  bath  commonly  operates  at  a temperature  of 
75-100°  F.  and  a current  density  of  2.5-15  amp./sq.  ft.  For  better  cover- 
age and  smoothness  if  heavier  deposits  are  to  be  built  up,  the  Rochelle 
salt  bath  is  recommended,  containing  3.5  oz./gal.  copper  cyanide,  4.6  oz ./ 
gal.  sodium  cyanide,  4.0  oz./gal.  Rochelle  salt  (KNaC4HjOu.4H^O)  and 
4.0  oz./gal.  sodium  carbonate.  This  latter  bath  operates  at  a temper- 
ature of  140-160°  F.  with  a current  density  of  20-60  amp./sq.  ft.  Care 
should  be  taken  to  maintain  a pH  of  12.6  and  a free  cyanide  concentra- 
tion of  0.75  oz./gal. ( 101  >. 


For  building  up  a heavy  coating  of  copper  the  rate  of  deposition  is 
greater  in  an  acid  copper  bath,  and  the  casting  is  usually  transferred 
to  such  an  acid  bath  after  a strike  in  the  cyanide  bath.  The  composi- 
tion and  operating  conditions  of  these  baths  vary  considerably,  but 
the  main  constituents  are  20-33  oz./gal.  copper  sulphate  and  6-13 
oz./gal.  sulphuric  acid.  The  bath  is  usually  operated  at  a temperature 
of  70-122°  F.  with  a current  density  of  28-56  amp./sq.  ft. 


All  of  the  above  baths  may  be  used  with  proprietary  addition  agents 
which  add  to  the  brightness  and  hardness  of  the  deposits.  Periodic  re- 
versal of  the  plating  current 


Fig.  22. 
rings. 


Electrotinning  gray  iron  piston 


has  also  been  found  beneficial, 
particularly  as  concerns  great- 
er smoothness  of  the  deposit. 
In  addition  there  are  several 
other  types  of  solution  (e.g.  the 
fluoborate  < 103> , amine(104>, 
pyrophosphate  and  alkane  sul- 
phonate ( 105  > processes)  about 
which  detailed  information 
can  be  obtained  from  the  bibli- 
ography or  distributors  of 
electroplating  supplies. 


/.  Tin  . . . The  electrotinning 
of  gray  iron  has  not  been  ac- 
tively pursued  because  of  the 
wide  use  of  the  hot-tinning 
process.  Nevertheless,  in  ap- 
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plications  where  either  thin,  very  uniform  coats  or  heavier  coats  than 
can  be  produced  in  hot-dipping  are  desired,  or  where  an  oddly  shaped 
casting  or  one  with  deep  recesses  cannot  be  successfully  hot-tinned, 
gray  iron  has  been  electrotinned.  Such  applications  include  dairy  ap- 
pliances, kitchen  fittings,  and  a number  of  domestic  accessories.  Its 
use  as  an  undercoating  for  zinc  plating  has  already  been  mentioned. 
Electrotinplate  has  also  been  used  on  bearing  surfaces,  and  while  not 
the  best  material,  is,  in  cases  where  it  is  adequate,  one  of  the  cheapest 
and  most  readily  available  of  bearing  metals.  Electrotinning  has  been 
found  to  be  of  value  to  facilitate  “break-in”  of  piston  rings. 

If  the  usual  cleaning  cycle  (pp.  537  - 538)  is  employed,  the  process  it- 
self presents  few  difficulties.  However,  in  the  case  of  acid  tin  plating, 
it  is  sometimes  necessary  to  give  the  casting  a cleaning  strike  with 
cyanide  copper*110). 

The  two  main  types  of  solutions  used  for  gray  iron  are  the  acid  sul- 
phate bath,  and  the  alkaline  stannate  baths,  either  sodium  or  potassium. 
The  acid  bath  operates  much  more  rapidly,  producing  a whiter,  though 
sometimes  less  adherent,  deposit  at  room  temperature.  The  alkaline 
baths,  which  contain  either  sodium  or  potassium  stannate,  must  be 
heated,  but  have  an  unusually  high  throwing  power,  even  greater  than 
the  excellent  throwing  power  of  the  acid  bath. 

A typical  acid  bath  consists  of  7 oz./gal.  stannous  sulfate,  13  oz./gal. 
concentrated  sulphuric  acid,  13  oz./gal.  cresolsulphonic  acid  (C7H.-,OH. 
HSO.{),  0.13  oz./gal.  beta  naphthol  (C10H7OH)  and  0.3  oz./gal.  gelatin 
or  glue.  There  is,  however,  a large  amount  of  variation  in  the  solutions 
used.  The  bath  operates  at  room  temperature  with  a current  density 
of  10-40  amp./sq.  ft.  *100>.  A stannous  fluoborate  bath  has  also  been 
recently  developed  for  tin  plating  * 107  > that  shows  promise  as  concerns 
ability  to  produce  fine-grained  deposits  at  high  current  density. 

The  sodium  stannate  bath  usually  consists  of  16  oz./gal.  sodium 
stannate,  1 oz./gal.  sodium  hydroxide,  2 oz./gal.  sodium  acetate,  and 
1/16  oz./gal.  of  100  volume  hydrogen  peroxide  or  sodium  perborate. 
It  is  operated  at  a temperature  of  140-176°  F.  Current  density  varies 
considerably*108*.  The  more  recently  developed  alkaline  potassium 
stannate  bath  makes  possible  a higher  rate  of  deposition  than  possible 
with  the  sodium  stannate  bath  while  retaining  the  general  advantages 
of  alkaline  baths.  Details  as  to  typical  compositions  and  operating  con- 
ditions of  this  latter  bath  and  the  fluoborate  bath  can  be  found  by  ref- 
erence to  the  bibliography  * 107  > * 109 ) * 113  > . 

g.  Other  Electrodeposited  Metals  . . . Lead  plating  as  a protective 
coating  for  gray  iron  has  not  been  extensively  employed  because  it  does 
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not  give  as  good  atmospheric  protection  as  the  more  readily  available 
zinc  and  cadmium  plates.  A limited  use  has  been  found,  however,  in 
containers  for  dilute  sulfuric  acid  and  other  corrosive  liquids  where  a 
pure  lead  coating  is  desirable.  A few  other  applications  are  known  or 
have  been  suggested,  as,  for  example,  lead  plating  of  bearing  surfaces. 
Electrodeposited  lead  is  less  porous  than  a hot-dipped  lead  coating.  A 
thin  flash  of  copper  is  said  to  increase  the  value  of  thin  lead  coatings. 

There  are  a large  number  of  solutions  from  which  lead  can  be  de- 
posited'114)'lls)'116).  The  most  widely  used  is  a fluoborate  bath,  con_ 
sisting  typically  of  42.5  oz./gal.  of  42%  fluoboric  acid,  17.0  oz./gal. 
basic  carbonate  of  lead  [2PbC03.Pb(0H) 2]  and  0.03-0.6  oz./gal.  ani- 
mal glue.  This  bath  operates  at  a temperature  of  77-105°  F.  and  usu- 
ally at  a current  density  of  5-20  amp./sq.  ft.  In  the  pretreatment  of 
gray  iron,  prolonged  acid  pickling  should  be  avoided  and  a strike  in 
an  alkaline  copper  cyanide  bath  is  recommended. 

Many  of  the  desirable  qualities  of  metallic  deposits  can  be  improved 
by  the  deposition  of  two  or  more  metals  at  the  same  time.  The  com- 
monest types  of  alloy  plate  produced  at  present  are  brass,  bronze, 
lead-tin,  tin-zinc,  and  nickel-cobalt,  although  a few  other  metal  com- 
binations are  electrodeposited  to  a limited  degree. 

Although  brass  and  bronze  plates  have  found  wide  use,  there  is  very 
little  information  as  regards  any  special  techniques  desirable  in  apply- 
ing them  to  gray  iron.  The  usual  precautions  connected  with  applying 
pure  metals  should,  undoubtedly,  be  observed.  The  three  main  uses 
are:  (1)  to  create  a decorative  coating  which  makes  the  casting  re- 
semble solid  brass  or  bronze;  (2)  to  provide  chemical  characteristics 
typical  of  these  alloys,  and  (3)  to  provide  special  surfaces,  such  as  a 
surface  suitable  for  bonding  with  rubber,  in  which  case  brass  provides 
a better  bond  than  does  any  other  metal.  A copper-cadmium  bath  has 
also  been  developed  for  bronze  plating. 

Brass  plate  is  produced  from  a cyanide  bath  of  copper  and  zinc.  Be- 
cause of  the  difficulty  of  directly  plating  zinc  on  gray  iron  from  the 
cyanide  solution,  it  would  seem  advisable  to  give  the  casting  a strike 
in  cyanide  copper  alone  before  putting  it  in  the  combined  bath.  Solu- 
tions and  operating  conditions  for  both  brass  and  bronze  plating  have 
been  described  in  several  references'117* '118>(119)(120). 

By  co-deposition  of  lead  and  tin,  an  alloy  coating  is  formed  which 
is  more  fine-grained  than  the  deposit  of  either  metal  alone.  This  alloy, 
which  is  deposited  from  the  fluoborate  bath,  has  found  some  applica- 
tion in  coating  parts  for  furnace  brazing,  parts  requiring  soldering, 
bearing  surfaces,  and  miscellaneous  hardware'121). 

A highly  corrosion-resistant  alloy  containing  typically  78%  tin  and 
22%  zinc  has  recently  been  developed  and  may  prove  a useful  coating 
for  gray  iron'122)'122).  The  co-deposition  with  nickel  of  a small  amount 
of  cobalt  has  been  found  to  give  a very  bright  finish,  as  noted  previ- 
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ously'124).  Hard,  wear-  and  corrosion-resistant  nickel-phosphorus  and 
cobalt-phosphorus  alloys  can  also  be  deposited  on  gray  iron'127). 

The  field  of  alloy  plated  castings  presents  many  opportunities  for 
profitable  exploitation.  As  in  the  case  of  single  electrodeposited  metals, 
component  parts  possessing  surfaces  uniquely  fitted  to  a particular 
service  can  often  be  produced  at  minimum  cost  by  electroplating  gray 
iron.  Research  going  forward  on  deposition  of  other  metals  such  as 
tungsten,  magnesium  and  antimony'123*,  should  further  enlarge  the 
field  of  application. 

F.  Chemical  Reduction  Coatings 

Gray  iron  may  be  plated  with  a high-nickel,  low-phosphorus  alloy  by  a 
chemical  catalytic  reduction  process,  known  also  as  the  Kanigen  proc- 
ess, and  electroless  plating'  128>.  In  contrast  to  electroplating,  no  cur- 
rent and  no  electrodes  are  required.  The  part  is  immersed  in  an  aque- 
ous solution  of  sodium  hypophosphite  and  nickel  chloride  at  185-210° 
F.  The  deposited  coating  consists  of  a solid  solution  of  about  7 % phos- 
phorus in  nickel  of  high  hardness  (Rc49). 

The  hardness  may  be  raised  or  lowered  by  heat  treatment.  The 
chief  advantages  of  the  chemical  reduction  process  over  electroplat- 
ing is  in  the  ability  to  deposit  a uniform  plate  thickness  in  complex 
shapes. 


II.  NON-METALLIC  COATINGS 

Organic  Finishes 

Although  the  iron  foundry  industry  as  a whole  has  not  realized  the 
great  influence  of  appearance  standards  on  favorable  public  appraisal 
of  their  product,  some  users  and  producers  have  recognized  that  or- 
ganic finishes  — paints,  lacquers,  or  enamels  — are  among  the  most 
effective  and  convenient  means  of  improving  appearance  and  protect- 
ing the  casting  surface  from  rusting  or  corrosive  attack.  As  surface 
coatings  for  iron  castings,  such  finishes  form  a continuous  inert  film 
between  the  metal  surface  and  the  atmosphere,  preventing  contact 
with  corrosive  liquids  or  gases.  The  wide,  almost  limitless  variety  in 
colors  and  textures  possible,  make  such  organic  finishes  the  most  at- 
tractive coatings  for  decorative  purposes,  also  providing  sanitary, 
easily  cleaned  surfaces,  and  increasing  safety  by  exhibiting  a high 
order  of  light  reflection. 

An  attempt  will  be  made  to  list  organic  types  of  finishes  that  are 
now  widely  used  to  coat  iron  castings,  and  to  describe  briefly  those 
showing  particular  promise  for  future  application  to  gray  iron.  In  a 
rapidly  expanding,  complex  field  of  organic  finishing,  oversimplifica- 
tion is  possible ; so  it  is  often  difficult  to  evaluate  the  many  new  ma- 
terials or  to  make  a final  best  choice  for  a given  application.  Technical 
terminology  is  by  no  means  standardized,  and  careful  definition  is 
necessary  for  such  terms  as  “paint,”  “enamel,”  or  “lacquer”  may  mean 
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different  things  to  different  groups  of  specialists.  Therefore,  it  is  nec- 
essary to  note  characteristics  of  commercial  importance  and  to  iden- 
tify constituents  typically  present  in  the  three  main  types  of  organic 
finishes  for  general  information  and  to  permit  the  purchaser  to  evalu- 
ate new  products  offered  him. 

a.  Classification  of  Organic  Finishes  . . . Organic  finishes  for  gray 
iron  may  be  divided  into  three  general  classes  on  the  basis  of  the 
vehicle  employed*120)  *13°). 

(1)  Oleoresinous  or  varnish  base  paints  are  composed  of  drying  oils 
(linseed,  tung,  soya,  etc.),  natural  and/or  synthetic  resins,  and  pig- 
ments. Petroleum  thinners,  metallic  driers  and  other  special  agents  are 
usually  added.  Of  the  three  basic  types,  this  finish  is  the  oldest,  most  or- 
thodox type,  the  slowest  drying,  even  if  baked,  and  the  least  expensive  of 
those  commonly  used  on  gray  iron  today.  High  solids  content  permits 
deposition  of  heavy  films,  but  color  retention  under  heat,  chemical  re- 
sistance and  film  quality  are  only  fair.  Although  oleoresinous  finishes 
are  still  in  use  there  is  a tendency  commercially  to  convert  to  the  more 
rapidly  drying  lacquers  or  synthetic  finishes  < 131  > . 

(2)  Lacquers  generally  consist  of  nitrocellulose  resins,  plasticizers 
and  pigments  dissolved  in  volatile  organic  solvents  of  the  ester  and  al- 
cohol types.  The  paint  film  is  formed  on  the  evaporation  of  these  volatile 
solvents.  Lacquers  are  the  fastest  of  air-dry  finishes  and  may  be  force 
dried  at  temperatures  up  to  180°  F.  The  quick-drying  qualities  of  lac- 
quer at  room  temperature  have  resulted  in  their  wide  application  in 
industrial  processes  where  speed  of  finishing  is  of  prime  importance. 
In  recent  years,  improvement  in  the  toughness,  durability  and  chemi- 
cal resistance  of  lacquer  films  has  added  to  their  commercial  useful- 
ness. Because  of  thin  film  characteristics,  they  are  normally  used  over 
a primer  and/or  filler. 

(3)  Synthetic  resin  base  paints  consist  of  one  or  more  of  the  many 
varieties  of  synthetic  resins,  combined  with  pigments  and  drying  oils 
for  the  non-volatile  portion.  Volatile  petroleum  or  coal  tar  solvents  or 
thinners  are  employed.  Many  types  of  synthetic  finishes  (for  example, 
phenolic,  alkyd,  and  vinyl)  have  been  developed  for  specific  applica- 
tions. Synthetic  finishes  are  intermediate  in  air-drying  rate  between 
oleoresinous  and  lacquer  finishes.  They  can  be  baked  at  comparatively 
high  temperatures  (usually  200°  - 350°  F.) , and  consequently  lend 
themselves  to  fast  production  schedules  which,  in  certain  cases,  will 
compete  with  lacquer  speed  of  drying.  They  are,  in  general,  tougher 
and  more  resistant  to  chemicals  than  either  oleoresinous  or  lacquer 
base  finishes.  Unusually  good  film  life  and  quality  is  exhibited  whether 
air  dried  or  baked. 

The  above  three  types  of  finishes  cannot  always  be  sharply  divided. 
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Combinations  of  two  of  them  may  often  be  more  valuable  for  a specific 
purpose  than  one  of  them  alone.  For  example,  the  finish  resulting  from 
the  addition  of  synthetic  resins  to  lacquer  seems  to  combine  many  of 
the  desirable  features  of  these  two  materials  < 129  > . 

Omitted  in  the  preceding  discussion  of  these  three  main  types  is  the 
finish  commonly  referred  to  as  oil-type  paint  < 129  > , consisting  simply  of 
a pigment,  drying  oil  and  suitable  solvents.  This  paint  type  is  gradual- 
ly being  superseded  by  the  three  types  already  described  and  is  not 
widely  used  on  gray  iron,  except  for  large  outdoor  pieces  which  cannot 
be  easily  moved  or  in  the  formulation  of  corrosion-inhibiting  primers. 

The  above  division  of  paint  into  three  types  was  made  on  the  basis 
of  the  composition  of  the  vehicle  which  carries  the  pigment.  It  should 
be  understood,  however,  that  within  a given  class  or  type  the  pigment- 
binder  ratio,  i.e.,  the  amount  of  pigment  in  relation  to  the  amount  of 
non-volatile  solids  in  the  vehicle,  can  be  altered  to  meet  a specific  ap- 
plication. For  example,  with  a given  paint  a low  pigment-binder  ratio 
will  be  selected  if  a high  gloss  typical  of  an  enamel  is  desired,  whereas 
a high  pigment-binder  ratio  is  chosen  if  filling  qualities  are  more  im- 
portant than  a brilliant  gloss ( 132  > . 

b.  Special  Texture  One-Coat  and  Two-Coat  Finishes  for  Gray  Iron 
Castings  ...  In  recent  years  much  advance  has  been  made  in  the  de- 
velopment of  attractive  finish  coats  for  gray  iron  which  eliminate  the 
need  for  an  expensive  finishing  system  that  involves  extensive  filling, 
smoothing  and  sealing  operations.  These  one-  or  two-coat  finishes  all 
provide  at  a very  moderate  cost  a degree  of  protection  adequate  for 
most  industrial  purposes,  and  greatly  im- 
prove surface  appearance.  The  improve- 
ment in  appearance  results  from  the  fact 
that  the  coats  themselves,  including  as 
they  do  combinations  of  various  colored 
or  metallic  enamels,  possess  three-dimen- 
sional characteristics.  These  so-called 
wrinkle,  hammered,  or  spatter  finishes 
blend  well  with  and  de-emphasize  any 
small  irregularities  such  as  are  normally 
exhibited  by  an  as-cast  surface ( 130  > <133>. 

Wrinkle  finishes ( 134  >,  which  are  almost 
always  sprayed  directly  on  castings,  owe 
their  character  to  the  contraction  of  the 
upper  layers  of  the  sprayed  paint  into 
ridges  during  drying.  This  produces  an 

Fig.  23.  A coarse-grained  wrinkle  finish  was  used 
on  the  gray  iron  base  of  this  Visi-Gauge. 
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economical,  attractive  and  durable  finish.  The  wrinkle  finishes,  which 
are  normally  one-coat  applications,  can  be  varied  in  texture  from  very 
fine  (suede)  to  very  coarse  (pine  tree)  patterns.  They  are  most  success- 
ful in  color  ranges  below  the  lightest  colors.  It  is  normally  necessary  to 
bake  the  finish,  air-drying  wrinkles  having  been  generally  unsuccess- 
ful to  date. 

x The  so-called  hammered  finishes  ex- 

Fig.  24.  A two-coat  hammer-  .....  . 

ed”  finish  provides  an  attrac-  hibit  the  appearance  of  round  mdenta- 

tive,  easily  cleaned  surface  for  tions  such  as  are  seen  in  hammered 
this  precision  instrument.  , . 

aluminum,  copper,  etc.  The  effect  de- 
pends on  metallic  powders,  usually  of 
aluminum,  suspended  in  the  paint.  The 
“pattern  illusion”  is  very  attractive  and 
greatly  enhances  the  appearance.  The 
hammered  finishes  in  common  with  the 
wrinkle  finishes  can  be  applied  in  one 
spraying,  have  good  adhesion  and  film 
qualities,  but  possess  much  less  depth  of 
texture  than  wrinkle  finishes.  They  can 
be  either  air-dried  or  baked. 

The  spatter  finishes* 131  > consist  of  a 
base  coat  over  which  a layer  of  heavily 
textured  spatter  has  been  applied.  These 
two  coats  may  be  of  the  same  or  of  con- 
trasting colors.  This  finish  has  the  ad- 
vantage of  being  thicker,  tougher  and, 
therefore,  more  protective  than  either  the  one-coat  wrinkle  or  ham- 
mered finish.  For  best  results  and  the  film  quality,  it  should  be  baked, 
but  air-drying  spatters  have  been  developed. 


Fig.  25.  A spatter  finish  provides  excellent  protec- 
tion and  an  attractive  appearance  to  this  Buckey 
X-ray  stand. 

c.  Shop  Coats  and  Corrosion  Inhibiting 
Primers  . . . The  importance  from  a mar- 
keting point  of  view  of  protecting  cast- 
ings against  corrosion  in  storage  and 
shipment  is  not  always  sufficiently  recog- 
nized. The  thin  film  of  rust  which  can 
form  on  storage  or  shipment,  although  it 
normally  does  not  in  itself  lessen  the  use- 
fulness of  a casting,  may  lower  consider- 
ably its  sales  appeal  and  may  complicate 
subsequent  finishing  treatments.  Any 
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discussion  of  organic  finishes  for  gray  iron,  therefore,  should  contain  a 
discussion  of  protection  at  the  very  important  first  stage  when  the 
freshly  tumbled,  sand-blasted  or  shot-blasted  casting  is  ready  to  be 
shipped  or  stored. 


The  simplest  method  of  corrosion  protection  for  short  periods  is  the 
application  of  a corrosion-inhibitive  oil  or  grease  (see  Section  h follow- 
ing Oils  and  Greases  for  Temporary  Protection).  However,  for  ex- 
tended yard  storage  a more  durable  and  permanent  coat  is  needed,  and 
various  inexpensive  paints  have  been  developed  to  meet  this  need 
(i29)  (i30)  (i30)_  For  example,  “plow-share”  lacquers  will  prevent  rust- 
ing during  shipment  and  storage,  although  they  strip  off  as  soon  as 
the  casting  is  put  in  use.  Oleoresinous  finishes  are,  however,  more  fre- 
quently employed.  For  example,  under  moderate  corrosive  conditions 
the  widely  used  red  oxide  primers  will  provide  good  protection  at  com- 
paratively low  cost,  but  the  pigment  does  not  in  itself  inhibit  corro- 
sion. If  the  casting  is  to  be  submitted  to  more  drastic  corrosive  condi- 
tions or  exposed  for  longer  periods,  the  more  expensive  and  more  pro- 
tective red  lead  and  zinc  chromate  primers  are  preferred.  This  increas- 
ed cost  can,  however,  be  partly  charged  against  subsequent  finishing 
operations.  Two  or  three  of  the  above  pigments  may  be  mixed  together 
in  the  same  primer. 

Although  any  of  the  above  primers  can 
be  used  as  a base  for  further  finishing  of 
a casting,  when  a complete  system  (such 
as  that  outlined  under  d.  Complete  Fin- 
ishing System)  has  been  decided  on,  the 
best  procedure  is  to  select  a primer  which 
will  fit  into  that  particular  system.  Thus 
if  a synthetic  resin  air-drying  system  is 
to  be  used  by  the  manufacturer  of  the  fin- 
ished product,  a good  modified  alkyd-resin 
base  primer  will  give  excellent  protection 
during  shipment  and,  in  addition,  provide 
the  best  base  for  subsequent  layers  of 
paint.  The  higher  cost  of  such  a primer 
is  often  offset  by  the  elimination  of  a rust 
removing  or  alternately  a degreasing  or 
stripping  operation. 

d.  Complete  Finishing  System  . . . For 
a still  more  protective  and  decorative 
coating  than  those  previously  described, 
a standard  finishing  system  has  been  de- 
veloped for  gray  iron  machine  parts.  This 


Fig.  26.  A corrosion-inhibit- 
ing primer  on  gray  iron  cylin- 
der blocks  is  being  dried  with 
infra-red  lamps. 
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Fig.  27.  A knife-bar  casting  in  the  as-cast  condition. 


Fig.  28.  The  same  casting  after  sandblasting,  snagging  and  grinding. 


Fig.  29.  The  same  casting,  primed,  filled,  sanded,  sealed  and  ready  for  assembly. 
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system  < 130  > , which  is  applicable  to  any  casting,  may  employ  oleore- 
sinous,  lacquer  or  synthetic  resin  base  finishes  or  combinations  of  these 
finishes,  depending  on  the  requirements  of  cost,  speed,  toughness  and 
corrosion  protection. 

(1)  The  casting  is  first  sand  or  grit-blasted  and  deburred.  Removal 
of  any  major  irregularities  at  this  point  by  grinding  or  other  means 
will  facilitate  later  filling  operations. 

(2)  If  oil  or  grease  is  present,  standard  alkaline  cleaners  may  be 
employed.  Removal  of  oil  is  particularly  desirable  if  lacquer  finishes  are 
to  be  applied.  One  of  the  most  useful  cleaning  preparations  contains 
both  solvents  and  phosphoric  acid.  It  may  be  wiped  on  a large  casting 
and  will  remove  or  convert  to  phosphates  any  rust  that  may  be  present, 
as  well  as  produce  a surface  excellently  adapted  to  organic  finishes 

( 131  ) ( 137)  ( 138) 

(3)  Immediately  after  cleaning  a primer  should  be  applied.  As  already 
described,  this  may  contain  corrosion  inhibiting  pigments  such  as  red 
lead  or  zinc  chromate,  especially  if  the  casting  is  to  be  stored  previous 
to  shipment  or  further  finishing.  If  such  a coat  is  applied  at  the  foun- 
dry, it  will  be  effective  in  preventing  rusting  during  shipment.  The 
primer  also  provides  adhesion  for  further  layers  of  paint  although 
this  function  is  not  as  essential  as  in  the  case  of  other  metals  since  gray 
iron  naturally  has  a surface  very  well  adapted  for  paint  adhesion.  In- 
terior machine  or  engine  parts  that  will  not  be  further  finished,  such 
as  gear  cases,  should  be  coated  with  a special  primer  known  as  a “crank- 
case sealer”  which  prevents  adhering  sand  or  other  abrasive  material 
from  getting  into  the  oil  and  provides  protection  against  corrosive  ac- 
tion of  the  lubricants. 

(4)  The  filler  or  glazing  putty  is  next  knifed  or  squeezed  onto  the 
surface  to  smooth  out  any  surface  roughness.  (On  small  castings  this 
filler  may  merely 
be  applied  by 
spraying.) 

(5)  The  filler  is 
then  sealed  with 
a coat  of  “sealer” 
or  surfacer  in  or- 
der to  provide  a 
surface  of  maxi- 
mum smoothness 

Fig.  30.  Machine  tool 
which  has  received  a 
complete  finishing 
system. 
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and  minimum  paint  absorption  for 
the  finishing  coats.  This  coat  is  sim- 
ply a synthetic  lacquer  with  a very 
low  pigment-binder  ratio. 

(6)  After  machining  and  assem- 
bly, another  coat  of  sealer  is  some- 
times used  to  repair  any  marring  of 
the  surface,  and  any  desired  type  of 
final  surface  coat  is  then  applied  by 
dipping,  spraying  or  brushing. 

e.  Special  Synthetic  Resins  ...  In 
recent  years  many  synthetic  base 
paints  have  been  developed  for  spe- 
cific applications ( 138  > ( 139  J . It  will 
only  be  possible  here  to  list  them  and 
indicate  their  outstanding  properties. 

The  oldest  of  these  are  the  phe- 
nolic resins*140)*141),  characterized  by 
their  corrosion  resistance,  abrasion  resistance,  electrical  insulating 
properties,  and  resistance  to  moisture  and  weathering.  These  desirable 
qualities  have  led  to  their  application  in  the  foodstuff  industry,  beer 
and  wine  industry,  in  chemical  laboratories,  and  in  high-temperature 
electrical  equipment.  Urea  resins  impart  hardness,  clarity,  and  color 
retention  at  high  temperatures.  The  amine-formaldehyde  resins,  usu- 
ally modified  with  alkyds,  are  used  in  kitchen,  bathroom  and  hospital 
equipment,  where  their  excellent  color  retention  and  resistance  prop- 
erties are  especially  desirable.  Melamine  formaldehyde  resins  are  color 
retentive  even  at  very  high  temperatures  and  find  application  in  stove 
parts  and  electrical  accessories.  Of  potential  importance  when  price  is 
a secondary  consideration  are  the  silicone  resins*142)  which  have  un- 
usual hardness,  toughness  and  resistance  to  heat,  chemicals  (includ- 
ing dilute  acids)  and  weathering. 

Two  other  types  of  synthetics,  namely  vinyl  resins*143)  and  chlorin- 
ated rubber*144)  base  paints,  have  recently  assumed  great  importance 
to  industry.  The  vinyls,  besides  being  resistant  to  abrasion,  caustic, 
moisture  and  corrosive  conditions,  are  completely  lacking  in  taste,  odor 
or  toxicity.  They  are  thus  particularly  adapted  to  use  in  the  food  in- 
dustry and  in  chemical  manufacture.  Chlorinated  rubber  base  paints, 
because  of  their  superior  chemical  resistance,  in  addition  to  hardness 
and  rapid  drying,  are  also  finding  widespread  application  in  washing 
machines,  commercial  laundry  and  bottling  machines,  acid  plants  and 
oil  refineries.  These  synthetics  may  be  either  air  dried  or  baked. 


Fig.  31.  Vertical  milling  machine  which 
has  received  a lacquer-base  finish. 
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/.  Asphalt  or  Pitch-Base  Enamels,  Japans  . . . Asphalt  or  pitch-base 
enamels  have  found  application  in  cases  where  it  is  desired  to  increase 
the  resistance  of  a casting  to  alkalis,  sewer  effluents,  acids,  and  con- 
tinued exposure  to  tap  waters.  They  are  applied  either  hot  or  cold. 

In  the  hot  process,  a bath  of  asphalt  or  pitch,  which  would  be  solid 
at  room  temperature,  is  liquefied  by  heating  usually  with  superheated 
steam.  Castings,  largely  pipe  or 
pipe  fittings,  are  immersed  in 
the  liquid  bath.  The  castings 
themselves  are  usually  at  an 
elevated  temperature  designed 
to  limit  running  and  still  not 
produce  an  underbaked  condi- 
tion of  the  coating,  which  solidi- 
fies as  the  casting  cools.  Both 
materials  can  be  and  have  been 
applied  in  the  field.  Some  dis- 
agreement exists,  however,  as 
to  the  relative  merits  of  asphalt 
as  opposed  to  pitch.  Asphalt  is 
apparently  superior  to  pitch  in 
so  far  as  it  does  not  impart  color, 
taste  or  odor  to  the  water.  On 
the  other  hand,  pitch  is  used 
by  many  pipe  foundries  and  is 
considered  by  some  to  furnish  a 
little  better  corrosion  protec- 
tion. According  to  A.S.T.M. 

Specifications  the  coal  tar  pitch 
should  be  blended  with  sufficient 
oil  to  give  a tough,  adherent  coat.  The  temperature  of  the  bath  and  the 
casting  should  approximate  300°  F.  < 145  > . 

The  subject  of  relative  protection  furnished  by  pitch  as  compared  to 
asphalt  is  debatable  since  there  is  an  increasing  tendency  among  pipe 
producers  to  consider  such  dipped  enamels  as  only  temporary  under- 
ground protection* 140 K If  more  permanent  protecting  is  required,  the 
pipe  is  usually  asbestos  wrapped  using  pitch  or  asphalt  as  a binder,  or 
the  pipe  is  cement  lined.** 

In  cold  applications,  the  enamels  are  largely  limited  to  the  asphaltum 
type  because  of  its  superior  solubility  in  the  petroleum  spirits  (naph- 

*The  lacquer  is  composed  of  one  quart  raw  linseed  oil,  4/2  lb.  Burgundy  pitch, 
60  grams  of  litharge  and  % lb.  of  frankincense. 

**The  subject  of  cement  armoring  is  discussed  on  pp.  573-576. 


Fig.  32.  These  famous  Lamprecht  cast- 
ings were  given  a highly  unusual,  bril- 
liant black  finish.* 
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tha,  toluol,  benzol,  etc.)  used  as  thinners.  The  quick  drying  character 
of  these  enamels  (10  minutes  at  70°  F.)  and  the  fact  that  the  only  prep- 
aration necessary  is  to  free  the  casting  from  dust  or  granular  material 
previous  to  coating,  has  served  to  popularize  them.  They  are  currently 
specified,  for  example,  by  the  American  Water  Works  Association  as 
an  inside  and  outside  coating  for  gray  iron  valves,  and  at  least  one 
large  pipe  company  is  using  the  cold  process  of  coating  rather  than  the 
conventional  hot  process.  The  enamels  for  cold  application  can  be 
sprayed,  dipped  or  brushed  on  the  castings. 

Japan  finishes  have  been  included  in  this  section  because  they  incor- 
porate materials  such  as  Gilsonite,*  asphalt  or  manjak  pitches  as  one 
of  the  main  constituents.  However,  the  use  of  japan  on  a variety  of 
castings  in  many  ways  resembles  that  of  conventional  paints  or  finishes. 
Japans  vary  from  the  low  cost  type  containing  simply  Gilsonite  or  as- 
phalt dissolved  in  petroleum  thinners  to  more  expensive  varieties 
compounded  to  resemble  lacquers  with  vegetable  oils  plasticizers,  etc. 
Because  of  very  slow  drying  qualities,  they  are  almost  always  baked  at 
elevated  temperatures  (usually  over  400°  F.  for  periods  approximating 
4 hours) . They  are  naturally  brownish-black  to  black  in  color  (so-called 
“black  japans”)  and  lampblack  is  sometimes  added  to  increase  opacity 
< 129 ) . If  the  correct  quality  is  selected,  a hard,  glossy,  durable  and 
abrasion-resistant  film  with  good  resistance  to  moderate  heat  and 
acids  can  be  developed  < 147  > . This,  coupled  with  economy,  has  led  to 
their  use  on  heaters  and  similar  equipment.  The  cheaper  grades  of 
japan  may  exhibit  film  brittleness  and  lower  corrosion  resistance  than 
higher  cost  paints. 

g.  Aluminum  Paint  . . . The  presence  of  aluminum  in  an  oleoresinous 
base  paint  yields  a finish  resembling  a layer  of  solid  aluminum.  This  is 
due  to  the  fact  that  aluminum  metal  pigments  can  be  produced  in  plate 
form.  This  metallic  pigment  “leafs” ; that  is,  the  flakes  migrate  to  the 
surface  of  the  paint  film  during  drying.  The  resultant  finish  is  resist- 
ant to  corrosive  atmospheres  and  to  heat ( 139  > , and  is  particularly  useful 
in  providing  maximum  visibility  of  interior  machine  parts.  For  maxi- 
mum heat  resistance,  an  aluminum  paint  having  a silicone  resin  vehicle 
is  recommended. 

h.  Oils  and  Greases  for  Temporary  Protection  . . . Occasions  arise 
where  corrosion  protection  for  only  short  periods  during  storage  or 
shipment  of  castings,  or  simply  light  indoor  protection,  is  required.  By 
far  the  simplest  method  in  such  a case  is  to  apply  a thin  film  of  a 
corrosion  inhibitive  oil  or  grease  (131)  (148)  (0.0008-.002"  thick)  to  the 
casting  by  either  dipping  or  spraying.  This  is  usually  sufficient  for 

*An  asphalt  mineral  mined  in  U.  S. 
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short  shipments  or  indoor  storage  up  to  six  months.  For  outdoor  stor- 
age (6  to  9 months),  longer  indoor  storage  (1  to  3 years)  or  longer 
shipments,  especially  where  the  casting  is  likely  to  be  exposed  to 
weathering,  a thicker  film  (0.002-.0035)  can  be  applied.  These  rust  in- 
hibitors, although  they  can  be  removed  with  petroleum  solvents,  alkali 
washes,  or  vapor  degreasers,  are  usually  recommended  for  castings 
which  are  to  be  used  after  shipment  or  storage  in  the  as-cast  or  ma- 
chined condition  and  which  are  not  to  be  given  further  finishes.  The 
above  oiling  or  greasing  methods  have  been  found  effective  in  prevent- 
ing the  thin  film  of  rust  that  typically  forms  on  all  ferrous  materials. 
Although  not  injurious  to  the  efficiency  of  the  cast  part,  such  a film 
is  considered  unattractive  by  some  consumers. 

Vitreous  or  Porcelain  Enamels 

Vitreous  or  porcelain  enamels  have  been  used  as  surface  finishes  for 
gray  iron  for  over  a hundred  years.  The  excellent  adherence  of  enamels 
to  a sandblasted  gray  iron  surface  has  been  an  important  factor  in 
their  popularity.  Enamels  differ  from  organic  coatings  in  that  they 
are  completely  composed  of  inorganic  material,  resembling  glass  in 
composition,  and  must  be  fused  onto  the  casting  at  high  temperatures. 

One  of  the  most  striking  and  useful  features  of  vitreous  enamel,  and 
one  which  has  led  to  its  wide  use  on  gray  iron  castings,  is  its  ability 
to  confer  almost  complete  chemical  and  corrosion  resistance.  Acid  re- 
sistant enamels  are  used  which  can  resist  all  common  acids  except 
hydrofluoric.  The  resistance  to  alkalis,  though  not  quite  as  great,  is 
sufficient  for  many  applications.  Of  almost  equal  importance  is  the 
extreme  hardness  and  scratch-resistance  possessed  by  the  vitreous 
enamel  coating,  permitting  the  use  of  enameled  castings  in  positions 
where  abrasion  would  quickly  destroy  an  organic  coating.  Vitreous 
enamels  possess  the  further  advantage  that  they  are  highly  attractive 
finishes  ranging  from  very  high  gloss  to  matte  and  can  be  easily  pro- 
duced in  a wide  variety  of  colors.  Because  of  their  refractory  base, 
they  can  be  used  at  high  temperatures  (600°-1000°  F.)  without  dis- 
coloring or  heat  cracking,  and  can  successfully  withstand  rapid 
changes  in  temperature  without  damage* 149 > *15«>. 

Vitreous  enamels  consist  essentially  of:  (1)  refractories  (silica, 
feldspar)  ; (2)  fluxes  (borax,  soda  ash,  cryolite,  fluorspar,  sodium  ni- 
trate, zinc  oxide,  and  lithium  compounds)  ; and  (3)  opacifiers  (oxides 
of  titanium,  antimony,  zirconium,  and  tin)  with,  if  desired,  pigments 
(usually  colored  oxides  of  cobalt,  iron  and  their  like*150)).' They  can 
be  applied  by  either  the  wet  or  the  dry  process. 

The  wet  process  involves  suspending  the  basic  enamel  (or  frit)  in  a 
solution  of  electrolytes  in  water  or  an  organic  solvent,  and  then  either 
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dipping  or  spraying  the  enamel  onto  the  casting.  This  process  can  be 
used  on  any  size  casting,  but  is  usually  applied  to  medium  weight  and 
small  castings.  Although,  as  noted  later,  some  one-coat  enameling  is 
done,  it  is  more  usual  to  apply  three  coats.  The  coats  are  generally 
thinner  and  more  opaque  than  in  the  dry  process.  Because  they  are 
dipped  or  sprayed  on,  the  process  is  more  flexible  than  the  dry  process, 
particularly  where  deep  pockets,  etc.  are  encountered.  Firing  temper- 
atures rarely  exceed  1450°  F. 

The  dry  process  consists  of  dusting  dry,  finely  divided  enamel  on  a 
previously  dipped  or  sprayed  ground  coat  of  a casting  heated  to  around 
1600°  F.,  the  casting  then  being  returned  to  the  firing  furnace.  The 
dry  process  is  generally  preferred  for  large  castings,  such  as  bath  tubs 
(see  Fig.  34) . In  the  case  of  multiple  coats,  economy  in  heating  can  be  as- 
sured in  the  dry  process  because  the  heavy  part  can  be  maintained  at  an 
elevated  temperature  between  coats ; furthermore,  if  blistering  occurs, 
the  blister  can  be  broken  and  dusted  again  with  enamel  < 150  > . Firing  tem- 
peratures are  higher  (up  to  1700°  F.)  to  assure  flowing  of  the  dry 
enamels.  In  general,  the  enamel  thickness  approximates  0.04"  and  is 
materially  greater  than  in  the  wet  process.  The  final  dry  enamel  sur- 
face possesses  a higher  gloss  than  when  the  wet  process  is  used* 155 >. 

If  a colored  enamel  is  to  be  applied  mainly  for  decorative  purposes 
and  a finish  of  maximum  resistance  is  not  needed,  a single  coat  may  be 
used.  Such  enamels  are  generally  of  a dark  color  and  furnish  appre- 
ciable protection.  For  the  best  work,  however,  two  or  more  coats  of 
enamel  are  necessary.  On  cast  iron  the  main  functions  of  the  first  or 
ground  coat  are:  (1)  to  prevent  chemical  reaction  between  the  casting 

and  later  cover  coats,  (2)  to 
prevent  oxidation  of  the  gray 
iron  at  high  temperatures,  (3) 
to  seal  up  or  smooth  over  sur- 
face irregularities,  and  (4)  to 
promote  adhesion  between  the 
enamel  and  the  base  metal. 
This  last  function  is,  perhaps, 
not  as  important  in  the  case  of 
gray  iron  as  it  is  with  steel  be- 
cause, as  noted  previously,  a 
sandblasted  gray  iron  casting 
gives  an  ideal  mechanical 
bond  so  that  the  manganese 
and  nickel  oxides  usually  add- 

Fig.  33.  Spraying  the  ground  coat  enamel  on  ed  to  Pr0vide  a chemical  bond 
gray  iron  lavatories.  are  apparently  not  essential 
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( 149)  ( 152)  The  choice  of  the  proper  groundcoat  depends  on  a large 
number  of  factors.  In  general  the  ground  coat  must  have  good  adhesion 
and  be  able  to  withstand  repeated  firing  without  failure.  Furthermore, 
if  the  part  is  to  have  high  resistance  to  thermal  shock  (for  example' 
skillets,  casseroles,  and  stove  parts)  or  must  resist  chipping  on  small 
radii,  ground  coats  and  cover  coats  of  a high  coefficient  of  expansion 
should  be  chosen. 

The  cover  or  top  coat  in  most  cases  determines  the  characteristics 
of  the  enameled  finish.  The  choice  of  the  cover  coat  is,  therefore,  com- 
plicated by  the  large  number  of  factors  which  must  be  taken  into  con- 
sideration . what  color  is  desired,  whether  a gloss  or  matte  finish  is 
wanted,  and  what  degree  of  resistance  to  acids,  alkalis,  weathering, 
hot  water,  soil  corrosion,  scratching  and  abrasion,  thermal  shock  or 
high  temperature  is  required.  For  simplicity,  this  discussion  will  cover 
only  the  white  enamels  which  have  found  a more  widespread  use  than 
any  other  type. 

Two  kinds  of  white  enamel  have  been  widely  applied ; these  are 
classified  according  to  the  oxide  which  is  used  as  the  opacifier,  as  anti- 
mony, zirconia,  or  antimony-zirconia  formulations.  The  antimony 
enamels,  the  oldest  of  the  three  types  can  be  made  highly  acid  resist- 
ant but  do  not  easily  produce  a good  finish.  Zirconia  enamels,  while 
having  poorer  resistance  to  acids,  are  highest  of  all  in  alkali  resistance 
and  higher  than  antimony  enamels  in  resistance  to  thermal  shock. 
Zirconia  enamels  also  provide  a better  finish  and,  since  they  have 
greater  opacity,  or  hiding  power,  can  be  applied  in  thinner  coats.  To 
some  degree  the  advantages  of  both  types  can  be  obtained  by  formu- 
lation. 

Recently  titania  opacified  enamels  have  aroused  interest  because  of 
their  resistance  qualities,  ability  to  be  applied  in  thin  coats,  high 
scratch  resistance  and  thermal  shock  resistance  < 149  > Their  appli- 

cation to  gray  iron  using  the  dry  process  may  be  somewhat  delayed 
due  to  their  higher  melting  point  as  compared  to  conventional  enamels 
for  gray  iron.  This  same  limitation  does  not  exist  in  the  case  of  the 
wet  process  and  widespread  interest  is  being  shown  in  developing 
titania  enamels  specially  suited  to  gray  iron  castings. 

Gray  irons  in  a wide  range  of  composition  can  be  enameled.  Good 
foundry  piactice  and  a surface  free  from  pinholes  is  as  important  as 
analysis.  In  general,  it  is  advisable  to  keep  the  combined  carbon  fairly 
low  (approximately  0.40%)  and  avoid  alloys  that  affect  carbide  sta- 
bilization. Sound  castings  that  can  be  sandblasted  to  a fairly  smooth 
surface  are  naturally  required  < 149  > (wo). 

Design  of  castings  intended  for  enameling  is  important.  Care  should 
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be  taken  to  avoid  castings 
with  uneven  section  thick- 
ness, as  these  will  not  heat 
up  uniformly  during  firing 
and  thus  may  cause  blister- 
ing of  the  enamel.  Corners, 
both  inside  and  out,  should 
be  rounded  and  the  radii  of 
fillets  should  be  generous 

(140)  . 

Either  sandblasting  or 
blasting  with  a mixture  of 
sand  and  steel  grit  is  prefer- 
able to  shot-blasting  or  grit- 
blasting alone.  If  the  casting 
has  been  coated  with  oil  or 
grease,  has  been  stored  in  a 
damp  place  and  thus  absolv- 
ed moisture,  or  contains  chill- 
ed spots  or  chilled  skin  on 
certain  surfaces,  it  should  be  annealed  for  several  minutes  at  1300°  F. 
in  the  enameling  furnace.  In  fact,  some  enamelers  regularly  anneal  at 
1200°  F.  to  degrease  and  stress  relieve  before  sandblasting*155). 

Gray  iron  castings  should  be  enameled  immediately  after  sand- 
blasting. Any  large  surface  cavities  or  imperfections  that  may  exist 
should  be  filled  with  an  enamel  paste  similar  in  composition  to  the 
groundcoat  enamel  to  be  used  on  the  rest  of  the  casting.  The  first  or 
groundcoat  should  be  thin,  porous  and  uniformly  distributed ; this  is  fol- 
lowed by  a thicker  coat.  As  noted  above,  this  groundcoat  is  applied  by 
spraying  or  dipping,  and  later  cover  coats  by  spraying,  dipping  or  dust- 
ing. If  the  wet  process  is  used,  all  sprayed  or  dipped  enamel  coats  must 
be  dried ; that  is,  the  water  which  held  the  enamel  in  suspension  during 
application  must  be  evaporated  off.  This  is  accomplished  in  a drier  which 
evaporates  the  water  in  such  a manner  and  at  such  a rate  as  to  avoid 
tearing  of  the  dried  coat.  This  step  is,  of  course,  not  necessary  in  the 
dry  process  after  initial  firing  of  the  groundcoat. 

After  removing  the  enamel  by  brushing  from  local  sections  of  the 
casting  which  are  to  be  machined  or  otherwise  do  not  require  a coat- 
ing, the  remaining  enamel  is  burned  or  fused  onto  the  base  metal. 
Gray  iron  enamels  are  usually  fired  at  from  1200-1600°  F.,  depending 
on  the  type  of  enamel  and  whether  a wet  or  dry  process  is  used.  Care- 
ful control  is  necessary  to  avoid  overburning  or  underburning ; almost 
all  enamels  will  blister  at  the  beginning  of  the  firing,  but,  if  they  are 


Fig.  34.  Dusting  the  finish  on  a gray  iron 
bathtub. 
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not  heated  too  rapidly,  such  blisters  will  heal  over.  Coatings  with  very 
unequal  section  thicknesses  sometimes  have  to  be  removed  from  the 
furnace  during  the  firing  to  allow  the  thinner  sections  to  cool  down  so 
that  they  will  not  be  overburned  < 150 ). 

Decorative  patterns  may  be  either  applied  over  or  made  a part  of 
the  fused  enamel  < 153  >.  Possibilities  of  improving  sales  appeal  through 
production  of  artistic  effects  are  only  beginning  to  be  effectively  ex- 
ploited. 

Vitreous  enameled  castings,  although  firmly  entrenched  in  applica- 
tions such  as  sanitary  ware,  have  not  received  recognition  commensurate 
with  their  high  resistance  to  service  hazards.  The  advantage  of  cast- 
ings starts  in  the  enameling  furnace  where  their  design  is  such  as  to 
make  them  much  less  subject  to  warpage  and  distortion  than  wrought, 
sheet  or  welded  assemblies.  The  final  enameled  casting,  because  of 
its  resistance  to  flexure  and  its  high  vibration  absorption,  is  also  much 
more  resistant  to  disastrous  flaking  of  enamel  than  thinner  wrought 
steel  parts.  This  is  emphasized  if  a heavy  object  is  accidentally  dropped 
on  a gray  iron  tub  or  basin.  In  such  a case,  damage  is  normally  limited 


Fig.  35.  A modern  porcelain  enameled  gray  iron  sink. 

to  a nick  in  the  enamel  of  the  casting  as  compared  to  removal  of  a 
sizable  flake  in  the  case  of  a wrought  enameled  object. 

Gray  iron  castings  finished  by  vitreous  enameling  have  found  wide 
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use  in  industry  and  in  the  home.  Perhaps  the  most  familiar  examples 
are  gray  iron  bathtubs,  basins,  sinks,  stove  parts  and  hospital  wear 
where  resistance  and  sanitation  requirements  are  at  a maximum.  Many 
applications  in  the  chemical  industry  have  been  found,  including  rolls, 
piping,  processing  and  containing  vessels  of  all  sorts  (popularly  called 
“glass-lined”)  and  miscellaneous  equipment* 154  >.  Development  of  new 
enamels  and  improved  enameling  procedure  should  expand  the  poten- 
tial usefulness  of  coated  gray  irons  to  industry. 


Chemical  Conversion  Coatings 

Chemical  conversion  coatings,  as  the  name  implies,  are  formed  by  the 
conversion  of  the  iron  or  of  one  or  more  of  the  alloying  elements  on  the 
surface  of  a casting  into  a metal  compound,  usually  by  immersion  in 
a solution  or  exposure  to  a particular  atmosphere.  They  have  proved 
to  be  quite  valuable  for  many  special  applications  involving  such  char- 
acteristics as  attractive  appearance,  wear  resistance,  heat  resistance 
and  ability  to  bond  organic  coatings  to  a metallic  surface.  The  coatings 
are,  in  general,  thin  and  somewhat  porous,  and,  therefore,  do  not  pro- 
\ ide  any  substantial  corrosion  protection  unless  a subsequent  layer  of 
oil,  wax,  varnish  .or  other  organic  finish  is  applied. 

a.  Oxide  Coatings  . . . This  process  depends  basically  on  transforming 
the  surface  of  the  casting  to  ferric  oxide  (FesCh)  and  inhibiting  the 
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formation  of  ferrous  oxide  (Fe203),  the  latter  being  the  red  rust  that 
usually  forms  on  ferrous  materials.  A tight,  black  film  can  be  pro- 
duced which  is  highly  wear  resistant  in  certain  applications,  and,  if 
waxed  or  periodically  oiled,  is  fairly  resistant  to  corrosion.  The  wear- 
resistant  quality  of  this  finish  has  brought  about  its  use  in  such  appli- 
cations as  gray  iron  tappets  and  piston  rings,  and  the  attractiveness 
of  the  black  finish,  especially  when  oiled  or  waxed,  gives  it  value  wher- 
ever decorative  qualities  without  any  great  corrosion  resistance  are 
required.  The  oxide  coating  in  itself  is  also  a good  bond  for  paint  or 
lacquer. 

The  older  method  of  producing  a black  oxide  coating  is  the  so-called 
Bower-Barff  process,  which  depends  on  the  fact  that  above  900°  F.  in 
the  presence  of  steam  a good,  adherent  black  oxide  coating  (Fe304) 
will  form  on  a gray  iron  casting.  Dry  parts  are  charged  into  a furnace 
at  1100°  F.,  and,  after  about  ten  minutes,  the  dry  air  in  the  furnace  is 
completely  replaced  by  steam.  The  furnace  load  is  allowed  to  rise  to 
1100°  F.,  where  it  is  held  for  twenty  minutes.  The  oxide  coating  thus 
formed  is  thick,  tough  and  wear  resistant,  especially  suited  to  applica- 
tions where  the  physical  properties  of  oxide  coatings  are  required 

( 157)  (158) 

If  a thinner,  decorative  finish  is  desired,  one  of  the  commercial 
alkali-nitrate  baths  is  commonly  employed.  These  operate  more  rapid- 
ly, require  less  skill  in  operation,  and  produce  more  uniform  finishes  if 
a large  quantity  of  articles  is  being  treated.  The  basic  constituents  of 


Fig.  38.  Gray  iron  castings  blackened 
in  as-cast  and  machined  conditions  by 
single  solution  method. 

Fig.  39.  Gray  iron  castings  blackened 
by  two-solution  method. 
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this  solution  are  caustic  soda  and  sodium  or  potassium  nitrate,  but 
there  is  wide  variation  in  the  types  of  special  constituents  in  the  many 
proprietary  solutions  on  the  market.  The  normal  alkali-nitrate  baths 
used  on  steel  will  not  produce  a good  black  finish  on  gray  iron.  There 
are,  however,  proprietary  processes  for  the  blackening  of  gray  iron 
which  yield  excellent  adherent  black  oxide  coatings.  These  involve 
either  the  use  of  special  addition  agents  to  the  alkali-nitrate  bath' 158 > 
or  the  dipping  of  the  casting  in  a special  solution  subsequent  to  treat- 
ment in  the  bath  recommended  for  steel'1110).  The  final  coating,  due  to 
the  use  of  these  special  additions  and/or  solutions,  is  not  a pure  ferric 
oxide  coating,  but  may  contain  oxides  of  manganese  and  mixed  metal 
sulphides'158*. 

As  noted  above,  many  of  the  conventional  blackening  processes 
marketed  for  steel  are  not  suitable  for  gray  iron.  It  is  usually  advisable, 
therefore,  to  consult  the  manufacturer  of  an  untried  solution  as  to  its 
applicability  to  gray  iron. 

b.  Phosphate  Coatings  . . . Probably  the  most  important  of  chemical 
conversion  coatings  are  the  phosphate  coatings,  consisting  essentially 
of  a layer  of  iron  phosphate  crystals  plus  zinc  or  manganese  phosphate 
crystals.  Phosphate  surface  layers  on  gray  iron  are  of  interest  for 

several  reasons.  For  example : 
since  they  are  chemically  neu- 
tral, they  protect  the  surface 
from  progressive  corrosion  by 
the  atmosphere ; the  surface  is 
an  excellent  base  for  paint,  and 
they  aid  in  preventing  seizing  of 
wearing  parts  during  “bi'eak-in.” 

There  are  three  main  types  of 
phosphate  coatings ; the  type  de- 
pending on  the  particular  surface 
characteristics  desired.  In  the 
first  type  a light,  highly  absorb- 
ent coating  deposited  on  the 
casting  surface  by  dipping  or 
spraying  the  casting  with  a zinc 
phosphate  solution  is  used  as  a 
basis  for  paint.  This  is,  in  fact, 
one  of  the  best  ways  of  prepar- 
ing gray  iron  for  painting,  since, 
besides  being  highly  absorbent 
and  providing  a close  bond  be- 


Fig.  40.  Cast  valve  guides  racked  for 
phosphate  immersion  treatment  to  im- 
prove wear  resistance. 
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tween  the  paint  and  the  casting,  the  phosphate  layer  prevents  cor- 
rosion from  spreading  under  the  paint  on  accidental  rupture  of  the 
protective  film1  Ui:l>.  One  of  the  many  applications  of  the  process  is  in 
the  phosphatizing  and  painting  of  gray  iron  electric  motor  parts  that 
are  often  exposed  to  corrosive  atmospheres. 

If  painting  is  unnecessary  or  undesirable,  such  as  in  castings  for  in- 
door applications  or  in  threaded  parts,  a thicker  (0.0003-0.0005")  zinc- 
or  manganese-iron  phosphate  layer  is  produced  by  treatment  with  acid 
zinc  or  manganese  phosphate  solutions.  This  second  type  of  coating, 
if  followed  by  staining,  oiling  or  waxing,  provides  good  protection 
and  an  attractive  finish* 165 >.  The  coating  produced  by  this  method  is 
thicker  and  less  open  than  in  the  first  type,  but  will  still  readily  absorb 
oil  or  wax.  Although  no  substantial  protection  against  chemicals  or 
highly  corrosive  atmospheres  is  provided,  the  coating  is  usually  ade- 
quate for  normal  indoor  exposure  * 101  > . Gray  iron  castings  which  have 

Fig.  41.  Contrasting  resistance  of  untreated*3*  and 

treated*1*)  piston  rings  to  24-hr.  salt  spray  test. 


been  submitted  to  this  treatment  have  found  wide  use  in  such  applica- 
tions as  automotive  parts,  farm  implements,  tire  molds,  metal  cases, 
and  ornamental  iron. 

A third  type  of  application,  and  one  which  is  becoming  increasingly 
important,  enhances  the  already  desirable  bearing  or  wear  resistant 
qualities  of  gray  iron  surfaces.  A relatively  thin  coating  (0.00004- 
0.00006")  of  manganese-iron  phosphate  renders  such  a surface  highly 
absorptive  to  oil  or  a suspension  of  colloidal  graphite  in  oil,  greatly  in- 
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creasing  the  lubricating  qualities  and  permitting  rapid  “break-in”  of 
moving  parts  without  scuffing,  seizing,  or  welding.  In  common  with 
other  phosphatizing  processes,  it  also  inhibits  progressive  rusting. 
Gray  iron  cylinder  liners,  pistons,  piston  rings,  valve  tappets,  gears 
and  crankshafts  are  typical  of  castings  that  have  been  commercially 
phosphatized  < 104  > . 

The  process  in  all  three  cases  is  simple  and  no  special  precautions  are 
necessary  for  gray  iron.  The  surface  should  be  machined  or  sand- 
blasted, and  freed  from  any  incidental  oil,  grease,  or  finger  marks,  usu- 
ally by  immersion  in  an  alkaline  cleaner.  The  phosphatizing  solutions 
themselves  are  proprietary,  but  in  general,  they  consist  of  zinc  or  man- 
ganese phosphate,  free  phosphoric  acid,  and  accelerators.  Thin  zinc 
phosphate  coats  for  paint-bonding  are  usually  sprayed  on  the  casting 
while  thicker  coatings  are  produced  by  dipping  the  casting.  For  small 
parts,  rotating  barrels  are  often  used.  Phosphatizing  operations  must 
be  conducted  at  elevated  temperatures  (180°  -210°  F.)*162>. 

c.  Nitride  Coatings  . . . Nitriding  or  nitrogen  hardening  of  gray  iron 
has  been  used  particularly  in  the  British  automotive  industries*166). 
This  process  imparts  a wear-resistant,  hard  (900-1000  Brinell)  surface 
layer,  and  some  corrosion  resistance  to  the  gray  iron,  thereby  adding 
considerably  to  the  life  of  such  parts  as  piston  rings,  cylinder  liners, 
valve  bodies  in  rotary  valve  engines,  special  cams,  press  tools,  and 
worm  castings. 

Since  an  effective  case  only  results  from  the  formation  of  nitrides 
with  certain  alloying  elements  present  in  the  gray  iron,  special  com- 
positions have  been  developed  for  nitrogen  hardening.  These  special 
gray  irons,  for  example,  usually  contain  1-2%  each  of  chromium  and 
aluminum.  Molybdenum  is  sometimes  added.  The  process  is  carried 
out  in  boxes  maintained  at  temperatures  of  925-1000°  F.  through 
which  ammonia  gas  is  passed  for  a period  of  time  varying  from  forty 
to  ninety  hours*166). 

It  should  be  noted  that  the  process  is  not  commonly  employed  in  this 
country.  One  company  interested  in  nitriding  problems*167)  states 
that  because  of  the  unusual  alloy  combinations  required,  difficulty  is 
encountered  in  obtaining  consistent  results  in  normal  foundry  practice. 
They  feel  that  further  experimental  work  is  necessary  and  should  pre- 
cede any  wide  application  of  the  process. 

Coloring 

When  corrosion  protection  is  not  a primary  factor  and  all  that  is  de- 
sired is  an  attractive  finish,  many  metal  coloring  techniques  are  avail- 
able. There  are  literally  thousands  of  these  processes*109),  but  unfor- 
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tunately  very  little  information  is  available  as  to  their  applicability  to 
gray  iron.  To  be  sure  of  a good  black  finish,  the-  best  procedure  is 
probably  to  employ  one  of  the  oxide  or  phosphate  processes  already  de- 
scribed in  preceding  section  “Chemical  Conversion  Coatings.”  A few 
other  methods  of  coloring  gray  iron  will  be  mentioned  here,  almost  all 
of  them  dependent  upon  a previously  deposited  coating  of  some  other 
metal.  It  is  to  be  remembered  that  these  coatings  are  almost  invariably 
very  thin,  providing  little  or  no  protection  against  corrosion,  and,  in 
general,  a wax  or  lacquer  should  be  applied  over  the  surface. 

A good  blue  color  on  gray  iron  can  reportedly  be  produced*172)  in 
a bath  consisting  of  1 oz./gal.  lead  nitrate,  0.5  oz./gal.  ferric  nitrate 
and  4 oz./gal.  sodium  hyposulphate. 

The  so-called  “oxidized”  finishes,  which  are  in  reality  sulphides,  can 
be  formed  by  first  plating  with  a thin  coating  of  copper  (approximately 
0.0001")  from  the  cyanide  bath  (see  “Electroplating”)  and  then  dip- 
ping the  casting  in  a dilute  solution  of  ammonium,  potassium,  or  sodium 
sulphide.  A wide  range  of  browns  and  grays,  as  well  as  black,  can  be 
produced  in  this  manner.  The  sulphides,  however,  are  not  stable  and  local 
discoloration  may  take  place.  The  selenious  acid,  lead  oxide,  and  steel 
bronze  methods  are  used  to  a lesser  extent*  108)  * 160).  The  black  nickel 
type  of  coating  may  be  used  to  provide  an  attractive  finish  over  a pre- 
viously deposited  layer  of  copper,  nickel,  brass,  cadmium,  or  zinc.  The 
black  nickel  coating  is  applied  by  electrodeposition  from  a bath  con- 
taining typically  10  oz./gal.  single  nickel  salts,  6 oz./gal.  double  nickel 
salts,  5 oz./gal.  zinc  sulphate  crystals,  and  2 oz./gal.  sodium  thiocya- 
nate. For  black  deposits  the  bath  is  operated  at  a temperature  of  75-95° 
F.,  a pH  of  5. 8-6.1  and  a current  density  of  0.5-1. 5 amp./sq.  ft.  If  gray 
deposits  are  desired,  a temperature  of  120-130°  F.,  a pH  of  5. 6-5. 9,  and 
a current  density  of  0. 5-2.5  amp./sq.  ft.  are  recommended*170). 

A more  recent  development  is  the  “Electro-Color”  process  which  also 
depends  on  the  previous  deposition  of  a layer  of  copper.  Over  this 
layer  another  extremely  thin  coating  is  deposited  from  a proprietary 
organic  bath.  If  the  operation  is  carefully  controlled,  almost  any  de- 
sired color  can  be  obtained  * 171 ) . 

Cement  Lining  and  Armor 

Cement  lining  is  one  of  the  most  effective  and  economical  methods  of 
protecting  gray  iron  castings,  such  as  pipe,  against  corrosion  by  fresh 
and  salt  waters.  Casting  surfaces  form  an  excellent  base  for  such  a 
lining,  and  excellent  protection  can  be  obtained  with  thinner  layers  of 
cement  than  are  required  in  the  case  of  steel  pipe.  Although  the  ce- 
ment is  originally  somewhat  porous,  water  seeping  through  the  lining 
tends  to  form  corrosion  products  which,  in  turn,  appear  to  react  with 
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constituents  of  the  ce- 
ment effectively  plugging 
the  pores  and  preventing 
or  inhibiting  further  cor- 
rosive attack.  With 
brines  or  salt  water,  alu- 
mina type  cements  are 
recommended  by  some 
authorities*173*.  Some 
specifications  include 
spraying,  dipping,  or 
brushing  a seal  coat  of 
water-proof  bituminous 
paint  over  the  cement 
lining.  Such  a seal  coat 
will  prolong  the  life  of 
the  lining  and  is  particu- 
larly necessary  in  con- 
tact with  waters  corro- 
sive to  calcium  carbon- 
ate, such  as  water  of  low  alkalinity. 

There  are  two  usual  methods  of  lining  cast  iron  pipes.  The  first  in- 
volves lining  of  new  pipe  by  the  manufacturer  and  is  covered  by 
A.S.A.  Specification  A21.4-1939*174*.  This  specification  provides  for  the 
use  of  Portland  cement  or  suitable  hydraulic  cement  mortar  of  not  less 
than  one  part  of  cement  to  one  part  of  dry  sand  by  volume.  It  provides 
that  “Straight  pipes  shall  be  lined  by  the  centrifugal  process,  combin- 
ing high  speed  spinning  and  vibration,  or  by  some  other  process  pro- 
ducing linings  which  are  equal  to  such  centrifugal  linings  in  accuracy 
of  surface  contour,  smoothness  of  surface  texture,  density,  low  water 
absorption,  and  freedom  from  shrinkage  cracks  and  loose  spots.  Fit- 
tings shall  be  lined  by  such  process  as  will  produce  linings  equal,  as 
nearly  as  practicable,  in  the  above  enumerated  respects  to  the  linings 
of  straight  pipes.”  These  specifications  require  thickness  of  lining 
from  Yh"  to  14"  depending  on  diameter. 

In  the  second  method  pipe  is  lined  in  place  underground  in  accord- 
ance with  A.W.W.A.  Spec.  7A.7-1941.  It  consists  of  cleaning  of  the  pipe 
of  all  tuberculation  and  applying  a cement  mortar  lining  of  one  part 
Portland  cement  and  one  part  sand,  3/16”  to  1/4"  thick,  to  the  inside 
surface  of  the  pipe  by  the  centrifugal  method.  The  process  is  applica- 
ble to  pipe  24"  in  diameter  and  larger'175*.  With  smaller  pipe  up  to  16" 
in  diameter  another  process  is  used.  In  this  latter  process  the  pipe  is 


Fig.  42.  Manufacturing  cement-lined  pipe  show- 
ing cement  being  fed  into  a revolving  pipe  and 
being  spread  by  a shoe. 
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Fig.  43.  Cement  mor- 
tar lining  in  a 48" 
gray  iron  pipe. 


Fig.  44.  Cross-sec- 
tion of  cement  arm- 
ored pipe. 


Fig.  45.  42"  pipe 
with  armor. 
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cleaned  and  a predetermined  quantity  of  cement  mortar  is  placed  in  the 
pipe,  following  which  a mandrel  is  drawn  through  the  pipe  which  places 
a smooth  continuous  lining  on  the  inside  surface  of  the  pipe. 

Cement  lining  is  reported  to  prevent  tuberculation  with  the  attend- 
ant loss  in  carrying  capacity  of  pipe  lines.  Lined  pipes  have  a record  of 
over  100  years  of  tubercular-free  service*175).  Cement-lined  pipe  has 
become  increasingly  popular  in  recent  years.  Use  of  cement  for  other 
castings  beside  pipe  and  fittings  obviously  possesses  attractive  possi- 
bilities. 

There  has  been  some  use  of  cement  or  rather  concrete  armor  for 
outside  coatings  of  pipe.  This  armor  varies  usually  between  %"  ancj 
IV2"  in  thickness.  The  armor  is  reported  to  be  distinctly  superior  to 
asphalt  and  pitch  enamels  in  protecting  the  outside  surface  of  the 
pipe  from  severe  underground  corrosion  over  extended  exposure 
periods.  It  has  proved  particularly  useful  in  contact  with  swamps  or 
other  low,  wet  areas,  brackish  or  salt  marshes,  severe  alkali  soils,  and 
old  dump  heaps  and  cinder  fills  <17B>. 
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GLOSSARY  OF  TERMS 


The  definitions  of  technical 

Acicular  Structure — A microstructure 
characterized  by  needle-shaped  con- 
stituents. 

Acid  Refractory  — Siliceous  ceramic 
materials  of  a high  melting  tempera- 
ture, such  as  silica  brick  used  for  met- 
allurgical furnace  linings. 

Age  Hardening — The  gradual  harden- 
ing of  a metal  caused  by  precipitation 
of  a constituent  from  a supersaturated 
solid  solution. 

Air  Furnace  — A long,  low,  reverbera- 
tory-type furnace,  in  which  metal  is 
melted  by  the  flame  from  fuel  burning 
at  one  end  of  the  hearth,  passing  over 
the  bath  toward  the  stack  at  the  other- 
end  of  the  hearth;  heat  is  also  re- 
flected from  the  roof  and  side  walls. 

Alloy  — A substance  having  metallic 
properties  and  composed  of  two  or 
more  chemical  elements  of  which  at 
least  one  is  a metal. 

Alloying  Elements  — Chemical  ele- 
ments constituting  an  alloy;  usually 
limited  to  elements  added  to  modify  the 
properties  of  the  base  metal. 

Alpha  Iron  — The  magnetic  form  of 
iron  that  is  stable  below  the  critical 
tempei-ature  (1663°F  for  pure  iron) 
and  characterized  by  a body-centered 
cubic  crystal  structure. 

Annealing  — Generally  a heat  treat- 
ment to  soften  metals;  for  iron  and 
steel,  consists  of  heating  above  the 
critical  temperature  followed  by  slow 
cooling  usually  in  the  furnace. 

Arbitration  Bar — A standard  cylindri- 
cal cast  test  bar  used  for  gray  iron  in 
accordance  with  ASTM  Spec.  A48. 

“As-Cast”  Condition — Castings  as  re- 
moved from  the  mold,  without  subse- 
quent heat  treatment. 

Austempering  — A heat  treatment 
process  that  consists  in  quenching  a 
ferrous  alloy  from  a temperature  above 
the  critical  range  in  a medium  having  a 
rate  of  heat  abstraction  (usually  mol- 
ten salt)  sufficiently  high  to  prevent 
the  formation  of  high-temperature 
transformation  products;  and  in  main- 
taining the  alloy,  until  transformation 
is  complete,  at  a temperature  below 
that  of  pearlite  and  above  that  of  mar- 
tensite formation. 

Austenite — Solid  solution  of  cementite, 
or  iron  carbide,  in  gamma  iron,  which 
is  non-magnetic  and  characterized  by 
a face-centered  cubic  crystal  structure. 


terms  relating  to  iron  castings. 

Bainite  — A constituent  in  the  micro- 
structure  of  cast  iron  or  steel;  formed 
by  the  transformation  of  austenite  be- 
low the  pearlitic  and  above  the  marten- 
sitic transformation  temperatures. 

Basic  Refractory — A lime  or  magnesia 
base  ceramic  material  of  high  melting- 
temperature  used  for  furnace  linings. 

Blast  Furnace — In  ferrous  metallurgy, 
a shaft  furnace  supplied  with  an  ail- 
blast  (usually  hot)  and  used  for  pro- 
ducing pig  iron  by  smelting  iron  ore  in 
a continuous  operation.  The  raw  mate- 
rials (iron  ore,  coke,  and  limestone)  are 
charged  at  the  top,  and  the  molten  pig 
iron  and  slag  which  collect  at  the  bot- 
tom, are  tapped  out  at  intervals. 

Blasting  or  Blast  Cleaning — A process 
for  cleaning  or  finishing  metal  objects 
by  use  of  an  air  blast  or  centrifugal 
wheel  that  throws  abrasive  particles 
against  the  surfaces  of  the  work  pieces. 
Small  irregular  particles  of  metal  are 
used  as  the  abrasive  in  grit  blasting; 
sand  in  sand  blasting;  and  steel  balls  in 
shot  blasting. 

Blind  Riser — A riser  that  is  not  open  to 
the  exterior  of  the  mold. 

Bob — A blind  riser. 

Bottom  Gate — Filling  of  the  mold  cav- 
ity from  gates  located  at  the  bottom  of 
the  mold  cavity. 

Brazing — Joining  metals  by  fusion  of 
nonferrous  alloys  that  have  melting- 
points  above  800  °F  but  lower  than 
those  of  the  metals  being  joined.  This 
may  be  accomplished  by  means  of  a 
torch  (torch  brazing),  in  a furnace 
(furnace  brazing),  or  by  dipping  in  a 
molten  flux  bath  (dip  or  flux  brazing). 

Break-off  Core — A thin  core  that  is  lo- 
cated between  the  riser  and  casting 
which,  while  not  impeding  the  flow  of 
metal,  serves  as  a notch  to  assist  in  re- 
moving the  riser. 

Brinell  Hardness — The  value  of  hard- 
ness of  a metal  determined  by  measur- 
ing the  diameter  of  the  impression 
made  by  a ball  of  given  diameter  ap- 
plied under  a known  load.  Values  are 
expressed  in  Brinell  hardness  numbers. 

British  Thermal  Unit  (BTU)  — The 

quantity  of  heat  required  to  raise  the 
temperature  of  1 lb.  of  water  1°F  at  or 
near  its  point  of  maximum  density;  a 
unit  of  heat  measurement. 
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Burnt-on  Sand — A misnomer.  Usually 
due  to  metal  penetration  into  sand 
mold  resulting  in  a mixture  of  sand 
and  metal  adhering  to  the  surface  of  a 
casting. 

Captive  Foundry — A foundry  that  is 
an  element  of  a manufacturing  estab- 
lishment where  foundry  operations  are 
a part  of  the  regular  operation  of  the 
plant. 

Case  Hardening — A process  of  harden- 
ing a ferrous  alloy  so  that  the  surface 
layer  or  case  is  made  substantially 
harder  than  the  interior  or  core.  Induc- 
tion hardening  and  flame  hardening 
are  most  commonly  used  for  iron  cast- 
ings. 

Cast  Iron  — A generic  term  for  the 
family  of  high  carbon-silicon-iron  cast- 
ing alloys  including  ductile  (nodular) 
iron,  gray  iron,  malleable  iron  and 
white  iron. 

Casting  (noun) — Metal  object  cast  to 
the  required  shape  by  pouring  or  in- 
jecting liquid  metal  into  a mold,  as  dis- 
tinct from  one  shaped  by  a mechanical 
process. 

Casting  (verb) — Act  of  pouring  molten 
metal  into  a mold. 

Cavitation  Erosion — Damage  to  a ma- 
terial in  contact  with  a moving  liquid 
associated  with  formation  and  collapse 
of  gas  cavities  in  the  liquid  at  the  solid 
material  surface. 

Cementite — A very  hard,  intermetallic 
compound  of  iron  and  carbon,  usually 
containing  other  carbide-forming  ele- 
ments. (Loosely  referred  to  as  iron 
carbide  or  FesC.) 

Centerline  Shrinkage  — Shrinkage  or 
porosity  occurring  along  the  central 
plane  or  axis  of  a cast  part. 

Centrifugal  Casting  — A process  of 
filling  molds  by  1)  pouring  the  metal 
into  a sand  or  permanent  mold  that  is 
revolving  about  either  its  horizontal  or 
its  vertical  axis;  or  2)  pouring  the 
metal  into  a mold  that  is  subsequently 
revolved  before  solidification  of  the 
metal  is  complete.  See  also  Centrifuge 
Casting. 

Centrifuge  Casting  — A casting  tech- 
nique in  which  mold  cavities  are  spaced 
symmetrically  about  a vertical  axial 
common  downgate.  The  whole  assem- 
bly is  rotated  about  that  axis  during 
pouring  and  solidification. 

Chaplets — Metal  supports  or  spacers 
used  in  molds  to  maintain  cores,  or 
parts  of  the  mold  which  are  not  self- 


supporting in  their  proper  positions 
during  the  casting  process.  They  be- 
come a permanent  part  of  the  casting. 

Charpy  Test — A pendulum  type  of  im- 
pact test  in  which  a specimen,  support- 
ed at  both  ends  as  a simple  beam,  is 
broken  by  the  impact  of  the  swinging 
pendulum.  The  energy  absorbed  in 
breaking  the  specimen,  as  determined 
by  the  decreased  rise  of  the  pendulum, 
is  a measure  of  the  impact  strength  of 
the  metal. 

Cheek — Intermediate  section  of  a flask 
that  is  inserted  between  cope  and  drag 
to  decrease  the  difficulty  of  molding 
unusual  shapes  or  to  provide  more  than 
one  parting  plane. 

Chill  Test — A test  casting  in  which  the 
depth  of  chill,  as  determined  by  frac- 
ture, is  used  to  indicate  the  eutectic 
carbide  stability  of  the  iron. 

Chill — 1.  A white  iron  structure  that  is 
produced  in  iron  castings  by  rapid  so- 
lidification. 2.  A metal  mold  or  mold  in- 
sert which  induces  rapid  solidification 
of  the  metal.  Also  called  Chiller,  or 
Chill  Block. 

Chilled  Iron — Cast  iron  that  is  poured 
into  a metal  mold  or  against  a mold  in- 
sert so  as  to  cause  rapid  solidification, 
often  to  produce  a white  iron  structure 
in  the  casting. 

Chipping — Removal  of  fins  and  other 
excess  metal  from  castings  by  means 
of  chisels  and  other  suitable  tools. 

CCD  Process — A rapid,  room  tempera- 
ture process  for  setting  sand  cores  or 
molds,  employing  CCD  gas  to  form  a 
silica  gel  binder  by  reaction  with  liquid 
sodium  silicate. 

Coercive  Force  — The  magnetizing 
force  that  must  be  applied  in  the  di- 
rection opposite  to  that  of  the  previous 
magnetizing  force  in  order  to  remove 
residual  magnetism;  thus,  an  indicator 
of  retained  magnetic  strength. 

Cold  Shot — Small  globule  of  metal  em- 
bedded in  but  not  entirely  fused  with 
the  casting. 

Cold  Shut — A casting  defect  caused  by 
imperfect  fusing  of  molten  metal  com- 
ing together  from  opposite  directions 
in  a mold,  or  due  to  folding  of  the  sur- 
face. 

Cold  Work — Plastic  deformation  of  a 
metal  which  substantially  increases 
the  strength  and  hardness. 

Columnar  Structure — A coarse  struc- 
ture of  parallel  columns  of  grains, 
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which  is  caused  by  highly  directional 
solidification  resulting  from  sharp 
thermal  gradients. 

Combined  Carbon  — Carbon  in  iron 
which  is  combined  chemically  with 
other  elements;  not  in  the  free  state  as 
, graphite  or  temper  carbon.  The  differ- 
ence between  the  total  carbon  and  the 
graphitic  carbon  analyses. 

Commercial  Foundry  — An  organiza- 
tion that  produces  castings  for  sale  as 
opposed  to  a “captive  foundry.”  Either, 
however,  may  use  “production  foun- 
dry” or  “jobbing  foundry”  facilities. 

Compressive  Strength  — (Yield)  The 
maximum  stress  that  a metal,  sub- 
jected to  compression,  can  withstand 
without  a predefined  amount  of  defor- 
mation. (Ultimate)  The  maximum 
stress  that  a brittle  material  can  with- 
stand without  fracture  when  subjected 
to  compression. 

Cooling  Stresses  — Stresses  developed 
during  cooling  by  uneven  contraction 
of  the  metal,  generally  due  to  non- 
uniform  cooling. 

Cope — Upper  or  topmost  section  of  a 
flask,  mold,  or  pattern. 

Core — A preformed  sand  aggregate  in- 
serted into  a mold  to  shape  the  interior 
of  the  casting  or  that  part  of  a casting 
which  cannot  be  shaped  by  the  pattern. 

Core  Blow — A gas  pocket  in  a casting 
adjacent  to  a cored  cavity  and  caused 
by  entrapped  gases  from  the  core. 

Core  Blower — A machine  for  making 
cores  by  blowing  sand  into  the  core  box 
by  means  of  compressed  air.  The  air 
escapes  from  the  core  box  through  fine- 
ly grated  openings  called  vents. 

Core  Box  — Wood,  metal,  or  plastic 
structure  containing  a shaped  cavity 
into  which  sand  is  packed,  making  a 
core. 

Conductivity — (Thermal)  The  ability 
of  heat  to  flow  through  a material  as 
measured  in  heat  units  per  unit  time 
per  unit  of  cross-sectional  area  per  unit 
of  length  for  a given  temperature  dif- 
ferential. (Electrical)  The  ability  of  a 
material  to  conduct  electricity.  The  re- 
ciprocal of  resistivity. 

Cere  Driers  — Supports  used  to  hold 
cores  in  shape  while  being  baked;  con- 
structed from  metal  or  sand  for  con- 
ventional baking,  or  from  plastic  ma- 
terial for  use  with  dielectric  core  bak- 
ing equipment. 


Core  Oil — A binder  for  core  sand  that 
sets  when  baked  and  is  destroyed  by 
the  heat  from  the  cooling  casting. 

Contraction  Cracks — Cracks  formed  by 
restriction  of  the  metal  while  it  is  con- 
tracting in  the  mold;  may  occur  just 
after  solidification  (called  a hot  tear) 
or  shortly  after  the  casting  has  been 
removed  from  the  mold. 

Core  Plates  — Heat  resistant  plates 
used  to  support  cores  while  being 
baked;  may  be  metal  or  non-metallic, 
the  latter  being  a requisite  with  di- 
electric core  baking. 

Core  Print — Projections  attached  to  a 
pattern  in  order  to  form  recesses  in  the 
mold  at  points  where  cores  are  to  be 
supported. 

Core  Raise — A casting  defect  caused 
by  flotation  of  a core  toward  the  cope 
surface  of  a mold  causing  a variation 
in  wall  thickness. 

Core  Shift — A variation  from  specified 
dimensions  of  a cored  casting  section, 
due  to  a change  in  position  of  the  core 
or  misalignment  of  cores  in  assembling. 

Core  Wash — A suspension  of  a fine  re- 
fractory applied  to  cores  by  brushing, 
dipping  or  spraying  to  improve  the  sur- 
face of  the  cored  portion  of  the  casting. 

Coupon  — An  extra  piece  of  metal, 
either  cast  separately  or  attached  to  a 
casting,  used  to  determine  the  analysis 
or  properties  of  the  metal. 

Creep — The  flow  or  plastic  deformation 
of  metals  held  for  long  periods  of  time 
at  stresses  lower  than  the  normal  yield 
strength. 

Critical  Temperature — Temperature  at 
which  metal  changes  phase.  In  usual 
iron  alloys,  the  temperature  at  which 
alpha  iron  transforms  to  gamma  iron 
or  vice  versa.  Actually,  a temperature 
range  for  cast  irons. 

Crush — A casting  defect.  An  indenta- 
tion in  the  casting  surface  due  to  dis- 
placement of  sand  into  the  mold  cavity 
when  the  mold  was  closed. 

Crystalline  Fracture — A brittle  frac- 
ture of  metal,  showing  definite  crystal 
faces  on  the  fractured  surface. 

Cupola  — A vertically  cylindrical  fur- 
nace for  melting  metal,  in  direct  con- 
tact with  coke  as  fuel,  by  forcing  air 
under  pressure  through  openings  near 
its  base. 

Damping  Capacity — Ability  of  a metal 
to  absorb  vibration,  changing  the  me- 
chanical energy  into  heat. 
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Decarburization — Loss  of  carbon  from 
the  surface  of  a ferrous  alloy,  as  a re- 
sult of  heating  in  a medium  containing 
oxygen  that  reacts  with  the  carbon. 

Deep  Etching — Macro-etching;  etch- 
ing, for  examination  at  a low  (less  than 
lOx)  magnification,  in  a reagent  that 
attacks  the  metal  to  a much  greater 
extent  than  normal  for  microscopic  ex- 
amination. Gross  features  may  be  de- 
veloped, i.e.,  large  grain  size,  segrega- 
tion, cracks  or  large  inclusions. 

Deflection  — The  maximum  displace- 
ment in  inches,  before  rupture,  at  the 
center  of  the  arbitration  test  bar  in  the 
transverse  strength  test  for  gray  iron. 

De  Lavaud  Process  — A centrifugal 
process  employed  chiefly  for  making 
cast  iron  pipe. 

Dendrite — A tree-like  shape  of  solidi- 
fied metal;  also  termed  “pine  tree”  and 
“fir  tree”  crystal. 

Density — The  mass  per  unit  volume  of 
a substance,  usually  expressed  in 
grams  per  cubic  centimeter  or  in 
pounds  per  cubic  foot. 

Deoxidation — Removal  of  excess  oxy- 
gen from  molten  metal,  usually  accom- 
plished by  adding  materials  with  a high 
affinity  for  oxygen. 

Desulphurizing  — Removal  of  sulphur 
from  molten  metal  by  reaction  with  a 
suitable  slag  or  a chemical  such  as  soda 
ash. 

Die  Casting  — A non-ferrous  casting 
process  in  which  the  molten  metal  is 
forced  under  pressure  into  a metal 
mold  cavity. 

Directional  Solidification — The  solidifi- 
cation of  molten  metal  in  a casting  in 
such  a manner  that  liquid  feed  metal  is 
always  available  for  that  portion  that 
is  just  solidifying. 

Draft  (Pattern)  — The  taper  on  the 
sides  of  pattern  which  are  perpendicu- 
lar to  the  parting  plane  that  allows  the 
pattern  to  be  withdrawn  from  the  mold 
without  breaking  the  edges  of  the  mold. 

Draft  (Permanent  Mold) — The  taper 
in  the  mold  cavity  which  allows  the 
casting  to  be  removed  easily. 

Drag — Lower  or  bottom  section  of  a 
mold,  flask,  or  pattern. 

Draw  — A term  employed  to  denote 
shrinkage  that  appears  on  the  surface 
of  a casting.  Also  formerly  used  to  de- 
scribe tempering. 

Dry  Sand  Mold — A sand  mold  that  is 
dried  before  filling  with  liquid  metal. 


Ductile  Iron  (Nodular  Iron)  — Gray 
iron  treated  with  a special  alloy  while 
in  the  liquid  state  so  that  the  graphite 
is  spherulitic  rather  than  flake.  Also 
called  spherulitic  graphite  iron  or  S.  G. 
iron. 

Ductility  — The  property  permitting 
permanent  deformation  without  rup- 
ture in  a material  by  stress  in  tension. 

Elongation — Amount  of  permanent  ex- 
tension in  the  vicinity  of  the  fractures 
in  the  tensile  test;  usually  expressed  as 
a percentage  of  original  gage  length, 
such  as  25  per  cent  in  2 in. 

Embrittlement — Loss  of  ductility. 

Elastic  Deformation  — Temporary 
changes  in  dimensions  caused  by 
stress.  The  material  returns  to  the 
original  dimensions  after  removal  of 
the  stress. 

Elastic  Limit — Maximum  stress  that  a 
material  will  withstand  without  per- 
manent deformation. 

Endurance  Limit  — A limiting  stress 
below  which  the  metal  will  withstand, 
without  rupture,  an  indefinitely  large 
number  of  cycles  of  stress. 

Endurance  Ratio — The  ratio  of  endur- 
ance limit  to  ultimate  strength.  Endur- 
ance ratio  equals  endurance  limit  -5-  ul- 
timate strength. 

Etching — In  metallography,  the  proc- 
ess of  revealing  structural  details  by 
preferential  attack  of  reagents  on  a 
metal  surface. 

Eutectic — 1)  Isothermal  reversible  re- 
action of  a liquid  that  forms  two  differ- 
ent solid  phases  (in  a binary  alloy  sys- 
tem) during  cooling.  2)  The  alloy  com- 
position that  freezes  at  constant  tem- 
perature, undergoing  the  eutectic  re- 
action completely.  3)  The  alloy  struc- 
ture of  two  (or  more)  solid  phases 
formed  from  the  liquid  eutectically. 

Eutectic  Alloy — In  an  alloy  system,  the 
composition  at  which  two  descending 
liquidus  curves  in  a binary  system,  or 
three  descending  liquidus  surfaces  in 
a ternary  system,  meet  at  a point.  Thus 
such  an  alloy  has  a lower  melting  point 
than  neighboring  compositions. 

Eutectic  Temperature  — The  lowest 
melting  temperature  in  a series  of  mix- 
tures of  two  or  more  components. 

Eutectoid — An  eutectoid  is  the  lowest 
transformation  temperature  at  which 
a solid  solution  transforms  into  two 
solid  phases. 
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Eutectoid  Reaction — Isothermal  rever- 
sible reaction  of  a solid  that  forms  two 
new  solid  phases  (in  a binary  alloy  sys- 
tem) during  cooling.  As  with  eutectic, 
the  word  eutectoid  can  also  refer  to  an 
alloy  composition  or  structure  associ- 
ated with  the  reaction. 

Facing,  Facing  Material — Coating  ma- 
terial applied  to  the  surface  of  a mold 
to  protect  it  from  the  heat  of  the  mol- 
ten metal;  also  to  impart  smooth  sur- 
face to  casting.  See  Mold  Wash. 

Facing  Sand  — Specially  prepared 
molding  sand  mixture  used  in  the  mold 
adjacent  to  the  pattern  to  produce  a 
smooth  casting  surface. 

Fatigue — Tendency  of  a metal  to  break 
under  conditions  of  repeated  cyclic 
stressing  considerably  below  the  ulti- 
mate tensile  strength. 

Fatigue  Crack  or  Failure — A fracture 
starting  from  a nucleus  where  there  is 
an  abnormal  concentration  of  cyclic 
stress  and  propagating  through  the 
metal.  The  fracture  is  brittle  and  fre- 
quently shows  concentric  (sea  shell) 
markings  with  the  starting  point  as  a 
center. 

Fatigue  Limit — Maximum  stress  that 
a metal  will  withstand  without  failure 
for  a specified  large  number  of  cycles 
of  stress.  Usually  synonymous  with 
endurance  limit. 

Feeder,  Feed  Head  (Riser) — A reser- 
voir of  molten  metal  attached  to  a cast- 
ing to  compensate  for  the  contraction 
of  metal  as  it  solidifies,  thus  prevent- 
ing voids  in  the  casting.  Also  known  as 
a riser. 

Feeding  — Pouring  additional  molten 
metal  into  a freshly  poured  mold  to 
compensate  for  volume  shrinkage 
while  the  casting  is  solidifying.  Also 
the  continuous  supply  of  molten  metal, 
as  from  a riser,  to  the  solidifying  met- 
al in  the  casting. 

Ferrite  — An  essentially  carbon-free, 
solid  solution  in  which  alpha  iron  is  the 
solvent,  and  which  is  characterized  by 
a body-centered  cubic  crystal  structure. 
Ferro-Alloy — An  alloy  of  certain  ele- 
ments with  iron  used  to  add  these  ele- 
ments to  molten  metal. 

Fillet — Material  used  on  a pattern  or 
core  box  to  round  out  the  internal  cor- 
ners formed  by  the  intersection  of  two 
surfaces.  May  be  of  wax,  plastic,  leath- 
er, or  wood. 

Finish  Allowance — Amount  of  stock 
left  on  the  surface  of  a casting  for 
machining. 


Flame  Hardening — Process  of  harden- 
ing a casting  surface  by  heating  it 
above  the  transformation  range  with  a 
high-temperature  flame  followed  by 
rapid  cooling. 

Flask — Metal  or  wood  frame,  without 
a top  and  without  a fixed  bottom,  used 
to  hold  the  sand  of  which  a mold  is 
formed;  usually  consists  of  two  parts, 
the  cope  and  drag. 

Flux — A material  or  mixture  of  mate- 
rials which  causes  other  compounds 
with  which  it  comes  in  contact  to  fuse 
at  a temperature  lower  than  their  nor- 
mal fusion  temperature. 

Fluidity — The  ability  of  molten  metal 
to  flow  readily  as  measured  by  the 
length  of  a standard  spiral  casting. 

Fog  Quenching — A method  of  quench- 
ing in  which  a fine  vapor  or  mist  is  used 
as  the  quenching  medium. 

Follow-Board  — A board  which  con- 
forms to  the  form  of  the  pattern  and 
defines  the  parting  surface  of  the  drag. 

Fracture  Test  — Examination  of  the 
broken  surface  of  a test  piece  or  cast- 
ing to  determine  the  structure  of  the 
metal  or  to  indicate  certain  of  its  prop- 
erties. 

Free  Ferrite — Ferrite  formed  into  sep- 
arate grains  and  not  intimately  asso- 
ciated with  carbides  as  in  pearlite. 

Freezing  Range — That  range  of  tem- 
perature between  liquidus  and  solidus 
temperatures  where  molten  and  solid 
constituents  coexist. 

Gaggers — Metal  pieces  of  irregular 
shape  used  to  reinforce  and  support 
sand  in  deep  pockets  of  molds. 

Gamma  Iron — The  non-magnetic  form 
of  iron,  stable  above  the  transforma- 
tion temperature;  characterized  by  a 
face-centered  cubic  crystal  structure. 

Gas  Holes — Rounded  cavities,  either  of 
spherical  or  elongated  round  shape, 
caused  by  the  generation  and/or  accu- 
mulation of  gas  or  entrapped  air  dur- 
ing solidification  of  the  metal. 

Gate  — End  of  the  runner  in  a mold 
where  molten  metal  enters  the  casting 
or  mold  cavity;  sometimes  applied  to 
entire  assembly  of  connected  channels 
and  to  the  pattern  parts  which  form 
them. 

Gated  Patterns — One  or  more  patterns 
with  gates  or  channels  attached. 

Gating  System — The  complete  assem- 
bly of  sprues,  runners,  and  gates  in  a 
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mold  through  which  metal  flows  to  en- 
ter the  casting  cavity.  Term  also  ap- 
plied to  equivalent  portions  of  the  pat- 
tern. 

Grain  Growth  — An  increase  in  the 
grain  size  of  metal  by  a reduction  in 
the  number  of  grains. 

Grain  Refiner — Any  material  added  to 
a liquid  metal  for  producing  a finer 
grain  size  in  the  subsequent  casting. 

Grains — Crystals  in  metals  or  alloys; 
also  individual  or  component  aggre- 
gates when  referring  to  core  or  mold- 
ing sands. 

Grain  Size  — The  average  size  of  the 
crystals  or  grains  in  a metal. 

Graphite — One  of  the  crystal  forms  of 
carbon;  also  the  uncombined  carbon  in 
cast  irons. 

Graphitizer — Any  material  which  in- 
creases the  tendency  of  iron  carbide  to 
break  down  into  iron  and  graphite. 

Graphitizing  Anneal  — A heating  and 
cooling  process  by  which  the  combined 
carbon  in  cast  iron  or  steel  is  trans- 
formed, wholly  or  partly,  to  graphitic 
or  free  carbon. 

Gray  Iron — Cast  iron  which  contains  a 
relatively  large  percentage  of  the  car- 
bon present  in  the  form  of  flake  graph- 
ite. The  metal  has  a gray  fracture. 

Green  Sand — A molding  sand  that  has 
been  tempered  with  water  and  is  em- 
ployed for  castings  when  still  in  the 
damp  condition. 

Green  Sand  Mold — A mold  composed  of 
moist  molding  sand  and  not  dried  be- 
fore being  filled  with  molten  metal. 

Grit  Rlast — :.Method  of  cleaning  cast- 
ings; subjecting  castings  to  a high- 
speed stream  of  gritty  material. 

Growth,  Cast  Iron  — Permanent  in- 
crease in  dimensions  of  cast  iron  re- 
sulting from  repeated  or  prolonged 
heating  at  temperatures  over  900  °F. 
This  growth  is  due  to  1)  graphitization 
of  carbides,  and  2)  internal  oxidation. 
Hardenability — In  a ferrous  alloy,  the 
property  that  determines  the  depth  and 
distribution  of  hardness  induced  by 
quenching. 

Heat — The  entire  period  of  operation 
of  a continuous  melting  furnace  such 
as  a cupola  from  light-up  to  finish  of 
melting.  One  cycle  of  operation  in  a 
batch  melting  furnace.  Also  the  total 
metal  from  one  such  operation. 

Heat  Treatment  — A combination  of 
heating,  holding,  and  cooling  opera- 


tions applied  to  a metal  or  alloy  in  the 
solid  state  in  a manner  which  will  pro- 
duce desired  properties. 

Heterogeneous  Structure  — A micro- 
structure containing  more  than  one 
phase. 

Homogeneous  Structure  — A micro- 
structure consisting  of  only  one  phase. 

Hooke’s  Law — Stress  is  proportional  to 
strain  within  the  elastic  range. 

Hot  Spots — Localized  areas  of  a mold 
or  casting  where  higher  temperatures 
are  reached  or  where  high  temperature 
is  maintained  for  an  extended  period 
of  time. 

Hot  Tear  — Surface  discontinuity  or 
fracture  caused  by  either  external 
loads  or  internal  stresses  or  a combina- 
tion of  both  acting  on  a casting  during 
solidification  and  subsequent  contrac- 
tion at  temperatures  near  the  melting 
point. 

Hypereutectic  Alloy  — An  alloy  con- 
taining more  than  the  eutectic  amounts 
of  the  solutes. 

Hysteresis  Loss — Energy  lost  when  a 
magnetic  material  is  subjected  to  a 
complete  cycle  of  magnetism. 

Impact  Test — A test  to  determine  the 
energy  absorbed  in  fracturing  a test 
bar  at  high  velocity.  See  Izod  Test; 
Charpy  Test. 

Impregnation  — The  treatment  of  de- 
fective castings  with  a sealing  medium 
to  stop  pressure  leaks  in  porous  areas. 
Mediums  used  include  silicate  of  soda, 
drying  oils  with  or  without  styrenes, 
plastics,  and  proprietary  compounds. 

Inclusions  — Particles  of  impurities 
(usually  oxides,  sulphides,  silicates  and 
such)  that  are  held  mechanically,  or 
are  formed,  during  solidification  or  by 
subsequent  reaction  within  the  solid 
metal. 

Induction  Hardening — Process  of  hard- 
ening the  surface  of  a casting  by  heat- 
ing it  above  the  transformation  range 
by  electrical  induction,  followed  by 
rapid  cooling. 

Intergranular  Corrosion — Corrosion  in 
a metal  taking  place  preferentially 
along  the  grain  boundaries. 

Internal  Friction — Ability  of  a metal 
to  transform  vibratory  energy  into 
heat;  generally  refers  to  low  stress 
levels  of  vibration.  Damping  has  a 
broader  connotation,  since  it  may  refer 
to  stresses  approaching  or  exceeding 
the  yield  strength. 
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Internal  Shrinkage — A void  or  network 
of  voids  within  a casting  caused  by  im- 
proper feeding  of  that  section  during 
solidification. 

Internal  Stresses  — A system  of  bal- 
anced forces  existing  within  a part 
when  not  subjected  to  a working  load. 
These  stresses  are  frequently  caused 
by  the  differential  conti'action  between 
parts  of  a casting  as  it  cools. 

Inverse  Chill — The  condition  in  a cast- 
ing section  where  the  interior  is  mot- 
tled or  white,  while  the  other  sections 
are  gray  iron.  Also  known  as  Reverse 
Chill,  Internal  Chill  and  Inverted  Chill. 

Inoculant  — Materials  which,  when 
added  to  molten  metal,  modify  the 
structure,  and  thereby  change  the 
physical  and  mechanical  properties  to 
a degree  not  explained  on  the  basis  of 
the  change  in  composition  resulting 
from  their  use. 

Isothermal  Annealing  — A process  in 
which  a ferrous  alloy  is  heated  to  pro- 
duce a structure  partly  or  wholly  aus- 
tenitic, and  is  then  cooled  to  and  held  at 
a temperature  that  causes  transforma- 
tion of  the  austenite  to  a relatively 
soft  ferrite-carbide  aggregate. 

Isothermal  Transformation — The  proc- 
ess of  transforming  austenite  in  a fer- 
rous alloy  to  ferrite  or  a ferrite-carbide 
aggregate  at  any  constant  temperature 
below  the  critical  temperature. 

Izod  Test  — A pendulum-type  impact 
test  in  which  the  specimen  is  supported 
at  one  end  as  a cantilever  beam;  the 
energy  required  to  break  off  the  free 
end  is  used  as  a measure  of  impact 
strength. 

Jobbing  Foundry — 1.  An  organization 
which  uses  a variety  of  patterns  to  pro- 
duce relatively  few  castings  per  order. 
2.  Also,  used  in  place  of  “commercial 
foundry.” 

Keel  Block — The  standard  test  speci- 
men for  relatively  high  shrinkage  fer- 
rous alloys.  A rectangular  block  with 
a smaller  rectangular  bar  attached 
across  the  bottom  and  resembling  the 
keel  of  a boat. 

Kish — Free  graphite  which  separates 
from  molten  hypereutectic  iron. 

Knock-out  — Operation  of  removing 
sand  cores  from  castings.  See  also 
Shake-out. 

Ladle  — Metal  receptacle  frequently 
lined  with  refractories  used  for  trans- 
porting and  pouring  molten  metal. 


Ledeburite  — Cementite-austenite  eu- 
tectic structure.  . 

Liquid  Contraction — Shrinkage  occur- 
ring in  metal  in  the  liquid  state  as  it 
cools.  Evident  in  a mercury  thermom- 
eter. 

Liquidus — A line  on  a binary  phase  dia- 
gram, or  a surface  on  a ternary  phase 
diagram,  representing  the  tempera- 
tures at  which  freezing  begins  during 
cooling,  or  melting  ends  during  heat- 
ing under  equilibrium  conditions. 

Loose  I’iece — 1)  Core  box;  part  of  a 
core  box  which  remains  embedded  in 
the  core,  and  is  removed  after  lifting 
off  the  core  box.  2)  Pattern;  laterally- 
projecting  part  of  a pattern  so  at- 
tached that  it  remains  in  the  mold  un- 
til the  body  of  the  pattern  is  drawn. 
Back-draft  is  avoided  by  this  means. 
3 ) Part  of  a permanent  mold  which  re- 
mains on  the  casting,  and  is  removed 
after  casting  is  ejected  from  the  mold. 

Machinability — Index  or  rate  of  metal 
removal  by  various  methods  with  ma- 
chine tools,  usually  expressed  in  terms 
of  feet  per  minute,  depth  of  cut,  etc. 

Macrograph  — A photographic  repro- 
duction of  any  object  that  has  been 
magnified  not  more  than  ten  diameters. 

Macroscopic  — Visible  either  with  the 
naked  eye  or  under  low  magnification 
(up  to  ten  diameters). 

Macrostructure  — Structure  of  metals 
as  revealed  by  macroscopic  examina- 
tion. 

Malleable  Iron — A mixture  of  iron  and 
carbon,  including  smaller  amounts  of 
silicon,  manganese,  sulphur  and  phos- 
phorus which,  after  being  cast  as  white 
iron,  is  converted  structurally  by  heat- 
treatment  into  a matrix  of  ferrite  con- 
taining nodules  of  temper  carbon,  and 
substantially  free  of  all  combined  car- 
bon. 

Martempering  — The  process  of 
quenching  iron  or  steel  from  above  the 
critical  temperature  in  a bath  at  a 
temperature  in  or  slightly  above  the 
upper  portion  of  the  temperature  range 
of  martensite  formation,  and  holding 
in  the  bath  until  the  temperature 
throughout  the  piece  is  substantially 
uniform.  The  piece  is  then  allowed  to 
cool  in  air  through  the  temperature 
range  of  martensite  formation. 

Martensite  — In  iron  or  steel  a very 
hard  micro-constituent  with  an  acicu- 
lar  (needle-like)  appearance;  produced 
in  heat  treating  by  quenching  or  with 
alloys. 


595 


GLOSSARY  OF  TERMS 


Master  Pattern — A pattern  embodying 
a double  contraction  allowance  in  its 
construction,  used  for  making  castings 
to  be  employed  as  patterns  in  produc- 
tion work. 

Matchplate — A plate  of  metal  or  other 
niaterials  on  which  patterns  and  gat- 
ing systems  split  along  the  parting 
line  are  mounted  back-to-back,  or  cast 
to  form  an  integral  piece. 

Matrix — The  principal  phase  in  micro- 
structure in  which  another  constituent, 
such  as  graphite,  is  embedded  or  en- 
closed. 

Mechanical  Properties — Those  proper- 
ties of  a material  that  reveal  the  elastic 
and  inelastic  reaction  when  force  is  ap- 
plied, or  that  involve  the  relationship 
between  stress  and  strain;  for  exam- 
ple, the  modulus  of  elasticity,  tensile 
strength,  and  fatigue  limit.  These 
properties  have  often  been  designated 
as  “physical  properties”  but  the  term 
“mechanical  properties”  is  preferred. 

Metallography  — Study  or  science  of 
structures  of  metals  and  alloys,  par- 
ticularly visual  examination  by  means 
of  the  microscope. 

Metal  Penetration — A casting  surface 
defect  which  appears  as  if  the  metal 
had  filled  the  voids  between  the  sand 
grains  without  displacing  them. 

Metastable — A state  of  pseudo-equili- 
brium. 

Microhardness — The  hardness  of  mi- 
cro-constituents of  a material. 

Micron — A linear  distance  of  0.001  mm. 

Microporosity — Extremely  fine  poros- 
ity caused  in  castings  by  solidification 
shrinkage  or  gas  evolution. 

Microstructure — The  structure  of  pol- 
ished and  etched  metal  and  alloy  speci- 
mens as  revealed  by  the  microscope  at 
magnifications  over  ten  diameters. 

Misrun — A casting  not  fully  formed. 

Modulus  of  Elasticity  — The  ratio  of 
tensile  stress  to  the  corresponding 
strain  within  the  limit  of  elasticity  of 
a material. 

Modulus  of  Resilience — The  amount  of 
energy  absorbed  when  one  cubic  inch 
of  material  is  stressed  to  its  elastic 
limit.  The  modulus  of  resilience  is  pro- 
portional to  the  area  under  the  elastic 
portion  of  the  stress-strain  diagram. 
Materials  having  a higher  modulus  of 
resilience  are  capable  of  withstanding 
higher  impact  without  damage. 


Modulus  of  Rupture  — The  ultimate 
strength  or  the  breaking  load  per  unit 
area  of  a specimen  tested  in  torsion  or 
in  bending  (flexure).  In  tension  it  is 
the  tensile  strength. 

Mold — The  form,  made  of  sand,  metal 
or  refractory  material,  which  contains 
the  cavity  into  which  molten  metal  is 
poured  to  produce  a casting  of  desired 
shape. 

Molding  Machine — A machine  for  mak- 
ing molds. 

Mold  Shift — A casting  defect  which  re- 
sults when  the  parts  of  the  mold  do  not 
match  at  the  parting  line. 

Mold  Wash — A slurry  of  refractory 
material,  such  as  graphite  and  silica 
flour,  used  in  coating  the  surface  of  the 
mold  cavity  to  provide  an  improved 
casting  surface. 

Mottled  Cast  Iron — A mixture  of  gray 
iron  and  white  iron  of  variable  pro- 
portions. The  fracture  has  a mottled 
(speckled)  appearance. 

Network  Structure  — A structure  in 
which  the  grains  or  crystals  of  one 
constituent  are  partly  or  entirely  en- 
veloped in  another  constituent;  an 
etched  section  through  the  crystals  re- 
sembles a network. 

Nodular  Graphite  — Graphite  in  the 
nodular  form  as  opposed  to  flake  form. 
Nodular  graphite  is  characteristic  of 
malleable  iron.  The  graphite  of  nodu- 
lar (ductile)  iron  is  spherulitic  in  form, 
although  called  nodular. 

Nodular  Iron  (Ductile  Iron) — A gray 
iron  treated  with  a special  alloy  while 
in  the  liquid  state  to  obtain  graphite  in 
the  spherulitic  rather  than  flake  form 
when  the  metal  solidifies.  Also  called 
spherulitic  graphite  iron  or  S.  G.  iron. 

Normalizing  — A heat  treatment  in 
which  ferrous  alloys  are  heated  to  a 
suitable  temperature  above  the  trans- 
formation range  and  cooled  in  still  air 
to  room  temperature. 

Notch  Sensitivity  — The  reduction  in 
the  impact,  endurance,  or  static 
strength  of  a metal  that  is  caused  by 
the  presence  of  stress  concentration  as 
a result  of  scratches,  pits,  or  other 
stress  raisers  on  the  surface;  usually 
expressed  as  the  ratio  of  the  notched 
to  the  unnotched  strength. 

Open  Grain  Structure — A machined  or 
fractured  surface  that  appears  coarse 
grained  with  visible  grain  separations; 
may  be  due  to  large  graphite  flakes  or 
shrinkage. 
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Oxidation — Chemical  union  with  oxy- 
gen; more  generally,  any  change  in  a 
metal  that  results  in  addition  to  it  of  a 
negative  radical. 

Padding — The  process  of  adding  metal 
to  the  cross  section  of  a casting  wall, 
usually  extending  from  a riser,  to  in- 
sure adequate  feed  metal  to  a localized 
area  during  solidification  where  a 
shrink  would  occur  if  the  added  metal 
were  not  present. 

Parting  Line — A line  on  a pattern  or 
casting  corresponding  to  the  separa- 
tion between  the  parts  of  a mold. 
Pattern  — A form  of  wood,  metal  or 
other  materials,  around  which  molding 
material  is  placed  to  make  a mold  for 
casting  metals. 

Pattern  Draft  (See  Draft) — Taper  al- 
lowed on  vertical  faces  of  a pattern  to 
permit  easy  withdrawal  of  pattern 
from  mold. 

Patternmaker’s  Shrinkage  — Contrac- 
tion allowance  made  on  patterns  to 
compensate  for  the  decrease  in  dimen- 
sions as  the  solidified  casting  cools  in 
the  mold  from  freezing  temperature  of 
the  metal  to  room  temperature.  Pat- 
tern is  made  larger  by  the  amount  of 
contraction  that  is  characteristic  of  the 
particular  metal  to  be  used. 

Pattern  Plates — Flat  plates  on  which 
patterns  are  mounted. 

Pearlite  — Lamellar  aggregate  (alter- 
nate plates)  of  ferrite  and  cementite  in 
the  microstructure  of  iron  and  steel. 
Permanent  Mold  — A mold  of  two  or 
more  parts  that  is  used  repeatedly  for 
the  production  of  many  castings  of  the 
same  form.  Liquid  metal  is  poured  in 
by  gravity. 

Permeability  — Magnetic  permeability 
of  a substance  is  the  ratio  of  the  mag- 
netic induction  in  the  substance  to  the 
magnetizing  field  to  which  it  is  sub- 
jected. 

Phase  Diagram  — A graphical  repre- 
sentation of  the  equilibrium  tempera- 
ture and  composition  limits  of  phase 
fields  and  phase  reactions  in  an  alloy 
system. 

Pig  Iron  — The  crude  product  of  the 
blast  furnace  where  ore  is  reduced  in- 
to iron  and  from  which  it  is  cast  into 
small  bars  (pigs). 

Plastic  Deformation  — Permanent  dis- 
tortion of  a material  under  the  action 
of  applied  stresses. 

Plasticity  — The  property  of  a sub- 
stance to  be  molded  or  deformed  per- 
manently into  a desired  shape  or  form 
without  rupture. 


Proportional  Limit  — The  greatest 
stress  that  the  material  is  capable  of 
sustaining  without  a deviation  from 
the  law  of  proportionality  of  stress  to 
strain.  (Hooke’s  Law.) 

PSI — Pounds  per  square  inch. 

Quench  Hardening — Process  of  hard- 
ening a ferrous  alloy  of  suitable  com- 
position by  heating  within  or  above  the 
transformation  range  and  cooling  at  a 
rate  sufficient  to  increase  the  hardness 
substantially.  The  process  usually  in- 
volves the  formation  of  martensite. 
Quenching  — A process  of  inducing 
rapid  cooling  from  an  elevated  temper- 
ature. 

Quenching  Crack  — A fracture  result- 
ing from  thermal  stresses  induced  dur- 
ing rapid  cooling  or  quenching,  or  from 
stresses  induced  by  delayed  transfor- 
mations as  a result  of  quenching. 
Remanent  Magnetism  (Residual  Induc- 
tion)— The  magnetic  induction  remain- 
ing in  a magnetized  material  when  the 
magnetizing  force  has  been  removed. 
Radiography  — A non-destructive 
method  of  internal  examination  in 
which  metal  objects  are  exposed  to  a 
beam  of  x-ray  or  gamma  radiation. 
Differences  in  thickness,  density,  or  ab- 
sorption, caused  by  internal  defects  or 
inclusions  are  apparent  in  the  shadow 
image  either  on  a fluorescent  screen  or 
on  photographic  film  placed  behind  the 
object. 

Rat-tail — A casting  surface  defect;  an 
irregular  line  on  the  casting  which  re- 
sults from  thermal  deformation  of  a 
sand  mold  when  it  is  filled  with  molten 
metal. 

Reduction  in  Area — The  difference  be- 
tween the  original  cross-sectional  area 
of  a tensile  test  piece  and  that  of  the 
smallest  area  at  the  point  of  fracture. 
Usually  stated  as  percentage  of  the 
original  area. 

Residual  Induction  (Remanent  Magne- 
tism)— The  magnetic  induction  re- 
maining in  a magnetized  material 
when  the  magnetizing  force  has  been 
removed. 

Resilience — The  energy  stored  in  a ma- 
terial when  strained  elastically. 
Resistivity — The  resistance  of  a ma- 
terial to  the  transmission  of  electrical 
enei'gy.  It  is  measured  by  the  resist- 
ance of  a body  of  the  material  of  unit 
cross-section  and  unit  length. 

Riser  — A reservoir  of  molten  metal 
provided  to  compensate  for  the  con- 
traction of  the  metal  in  a casting  as  it 
solidifies. 
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Rockwell  Hardness  — The  relative 
hardness  value  of  a metal  determined 
by  measuring  the  depth  of  penetration 
of  a steel  ball  (1/16  in.  dia  for  B Seale) 
or  a diamond  point  (C  Scale)  with  con- 
trolled loading,  the  Rockwell  number 
being  the  difference  between  the  depth 
obtained  with  a “minor”  and  a “major” 
loading. 

Runner — The  portion  of  the  gate  as- 
sembly that  connects  the  downgate 
(sprue)  with  the  casting  ingate  or  ris- 
er. The  term  also  applies  to  that  part 
of  the  pattern  which  forms  the  runner. 

Sand  Slinger  — Mechanical  device 
which  impels  sand  by  centrifugal  force 
into  a flask  or  core-box. 

Scab  — A defect  on  the  surface  of  a 
casting  which  appears  as  a rough, 
slightly  raised  surface  blemish,  crusted 
over  by  a thin,  porous  layer  of  metal 
under  which  is  a honeycomb  or  cavity 
that  usually  contains  a layer  of  sand; 
caused  by  spalling  of  the  mold. 

Scleroseope  Hardness  Test  — A hard- 
ness test  in  which  the  loss  in  kinetic 
energy  of  a falling  metal  “tup,”  ab- 
sorbed by  indentation  upon  impact  of 
the  tup  on  the  metal  being  tested,  is 
indicated  by  the  height  of  rebound. 

Semi-steel — A misnomer.  The  term  re- 
fers to  a gi'ay  iron,  the  melting  charge 
for  which  contains  a percentage  of 
steel  scrap. 

Shake-out — The  operation  of  removing 
castings  from  the  mold.  A mechanical 
unit  for  separating  the  molding  mate- 
rials from  the  solidified  metal  casting. 

Shear  Strength  — Maximum  shear 
stress  that  a material  is  capable  of 
withstanding  without  failure. 

S.  G.  Iron — See  Ductile  Iron. 

Shell  Molding — A process  for  forming 
a mold  from  resin-bonded  sand  mix- 
tures brought  in  contact  with  pre-heat- 
ed  (300-500°F)  metal  patterns,  result- 
ing in  a firm  shell  with  a cavity  cor- 
responding to  the  outline  of  the  pat- 
tern. Also  called  Croning  process. 

Shift — A casting  defect  caused  by  mis- 
match of  mold  halves  or  of  cores  and 
the  mold. 

Shrinkage  Cavity — A void  left  in  cast 
metals  as  a result  of  solidification 
shrinkage. 

Shrinkage — Decrease  in  volume  of  the 
metal  as  it  solidifies. 

Shrink  Hole  — A hole  or  cavity  in  a 
casting  resulting  from  shrinkage  and 
insufficient  feed  metal,  and  formed  dur- 
ing solidification. 


Shotblasting  — Casting  cleaning  proc- 
ess employing  a metal  abrasive  (grit 
or  shot)  propelled  by  centrifugal  or  air 
force. 

Skeleton  Pattern  — A framework  or 
skeleton  of  ribs  representing  the  in- 
terior and  exterior  form  and  the  metal 
thickness  of  the  required  casting. 

Snagging — The  process  of  rough  clean- 
ing castings  by  grinding. 

Solid  Contraction  — Shrinkage  occur- 
ring in  metal  in  the  solid  state  as  it 
cools  from  the  solidifying  temperature 
to  room  temperature. 

Solidification  Shrinkage — The  decrease 
in  volume  accompanying  the  freezing 
of  a molten  metal. 

Solidus  — A line  on  a phase  diagram 
representing  the  temperatures  at 
which  freezing  ends  on  cooling,  or 
melting  begins  on  heating. 

Specific  Heat  — Equivalent  to  thermal 
capacity;  the  quantity  of  heat  required 
to  produce  a unit  change  in  the  temper- 
ature of  a unit  mass. 

Spheroidization  (Spheroidizing  Heat 
Treatment) — A long  annealing  at  a 
temperature  below  but  near  the  crit- 
ical point,  causing  the  cementite  to 
spheroidize. 

Spheroidized  Cementite  — A micro- 
structure in  which  iron  carbide  occurs 
as  small  spheres  in  a ferritic  matrix. 

Spherulitic  Graphite— Graphite  occur- 
ring in  highly  compact  spherical  or 
nearly  spherical  form  with  a radial  in- 
ternal structure.  Characteristic  of  duc- 
tile (nodular)  iron. 

Sprue — The  vei'tical  channel  from  the 
top  of  the  mold  to  the  parting  line.  Al- 
so a generic  term  to  cover  all  gates, 
risers,  etc.,  returned  to  the  melting  unit 
for  re-melting.  Also  applied  to  similar 
portions  of  patterns. 

Steadite — A hard  phosphoi’us-rich  mi- 
cro-constituent. 

Steel  — An  alloy  of  iron  and  carbon 
which  may  contain  other  elements  in 
which  the  carbon  content  does  not  ex- 
ceed about  2.0%  and  which  is  malle- 
able at  some  temperature  in  the  solid 
state. 

Strain — 1)  The  change  per  unit  of 
length  in  any  material  as  a result  of 
stress.  Strain  is  measured  in  inches  per 
inch  of  length.  2)  A casting  defect;  an 
out-of-shape  casting  due  to  distortion 
of  the  mold. 
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Stress  — The  intensity  of  force;  force 
per  unit  area  as  pounds  per  square  inch 
(psi). 

Stress-corrosion  Cracking — Spontane- 
ous failure  of  metals  by  cracking  un- 
der combined  conditions  of  corrosion 
and  stress,  either  residual  or  applied. 

Stress  Raisers — Factors  such  as  sharp 
changes  in  contour  or  surface  defects, 
which  concentrate  stresses  locally. 

Stress  Relieving — A sub-critical  heat 
treatment  to  reduce  residual  stresses 
in  a casting. 

Stress,  Residual — Stresses  set  up  as  a 
result  of  a non-uniform  plastic  defor- 
mation or  the  unequal  cooling  of  a 
casting. 

Sweep  — A type  of  pattern  that  is  a 
template  cut  to  the  profile  of  the  de- 
sired mold  shape,  which  when  revolved 
around  a stake  or  spindle,  produces 
that  shape  in  the  mold. 

Tempering — A heat  treatment  consist- 
ing of  reheating  quench-hardened  or 
normalized  iron  to  a temperature  be- 
low the  transformation  range,  and 
holding  for  sufficient  time  to  produce 
the  desired  properties. 

Tensile  Strength — The  maximum  load 
in  tension  which  a material  will  with- 
stand prior  to  fracture.  It  is  calculated 
from  the  maximum  load  applied  during 
the  tensile  test  divided  by  the  original 
cross-sectional  area  of  the  sample. 

Thermal  Conductivity  — The  property 
of  matter  by  which  heat  energy  is 
transmitted.  For  engineering  purposes 
it  is  measured  by  the  amount  of  heat 
transmitted  by  a given  section  over  a 
given  length  under  a known  tempera- 
ture difference  in  a unit  of  time,  i.e. 
Cal /cm2  / cm /°C/ sec. 

Thermal  Contraction — The  decrease  in 
linear  dimensions  of  a material  accom- 
panying a decrease  in  temperature. 

Thermal  Expansion  — The  increase  in 
linear  dimensions  of  a material  accom- 
panying an  increase  in  temperature. 

Thermal  Stresses  — Stresses  in  metal, 
resulting  from  non-uniform  distribu- 
tion of  temperature. 

Thermit  Welding  — The  welding  of 
metal  parts  with  molten  metal  which 
was  heated  by  the  chemical  reaction  of 
metallic  oxides  and  powdered  alumi- 
num. 

Thermocouple — A device  for  measur- 
ing temperatures  by  the  use  of  two  dis- 


similar metals  in  contact;  the  junction 
of  these  metals  gives  rise  to  a measur- 
able electrical  potential  which  varies 
with  the  temperature  of  the  junction. 
Thermocouples  are  used  to  operate 
temperature  indicators  or  heat  con- 
trols. 

Time  Quenching — Interrupted  quench- 
ing in  which  the  holding  time  in  the 
quenching  medium  is  controlled. 

Torsion — Strain  created  in  a material 
by  a twisting  action. 

Toughness  — Ability  of  a material  to 
absorb  energy  without  failure.  May  be 
expressed  as  the  total  area  under  the 
stress-strain  curve. 

Transformation  Range  or  Transforma- 
tion Temperature  Range — A range  in 
temperature  in  which  a change  in 
phase  occurs.  For  iron  about  1400  to 
1500°F  (depending  upon  silicon  con- 
tent). 

Ultimate  Strength  — See  Tensile 
Strength. 

Veining — A defect  on  the  surface  of  a 
casting  appearing  as  veins  or  wrinkles 
and  associated  with  excessive  thermal 
movement  of  the  sand,  especially  core 
sands. 

Vent — A small  opening  or  passage  in 
a mold  or  core  to  facilitate  escape  of 
gases  when  the  mold  is  poured. 

Wash — A casting  defect  resulting  from 
erosion  of  sand  by  metal  flowing  over 
the  mold  or  cored  surfaces.  It  appears 
as  roughness  and  excess  metal  on  the 
casting  surface.  Also  called  Cuts. 

White  Iron  — Irons  possessing  white 
fractures  because  all  or  substantially 
all  of  the  carbon  is  in  the  combined 
form. 

Work  Hardening — Hardness  developed 
in  metal  as  a result  of  mechanical 
working,  particularly  cold  working. 

X-Ray — Form  of  radiant  energy  with 
extremely  short  wave  length  which  has 
the  ability  to  penetrate  materials  that 
absorb  or  reflect  ordinary  light. 

Yield  Point — The  load  per  unit  of  origi- 
nal cross-section  at  which  a marked  in- 
crease in  deformation  occurs  without 
increase  in  load. 

Yield  Strength — The  stress  at  which  a 
material  exhibits  a specified  limit  of 
permanent  strain;  often  the  maximum 
unit  load  with  a 0.2%  deviation  from 
a proportional  stress-strain  relation. 
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A 

abrasion  

abrasion  resistance 

abrasive  finishing 

acicular  ductile  iron 

acicular  gray  iron 

acicular  structure 

acid  resistance 203, 

acoustic  properties  

advantages  of  casting 

alloy  iron  

aluminizing  

aluminum  coating 447,  526, 

aluminum  irons 

ancient  castings 

annealing 

ductile  iron 

effect  of  alloys 

effect  on  properties 

hardness  after  

mechanism  

practice 

time  & temperature 

arc  cutting 

arc  welding 

asphalt  coating 

atmospheric  corrosion 

austempering 

austempering,  ductile  iron 

austenitic  irons 


B 

bainite 

bimetal  castings  . . . 
break-in  coating  . . , 

brake  drums 

brass  plating 

braze  welding 

brazing, 

copper  

silver 


c 

cadmium  plating 546 

calorizing  534 

cams  387 

carbides,  free 482 

cast  iron,  types 92 

castability  (general)  49 

casting  methods 35 

casting  processes 76,89 

casting  section,  effect  on  properties  160 

effect  on  impact 160 

effect  on  tensile  strength 160 

casting  tolerances 40 

cement  lining  and  armor 573 

cementation  process 533 

centerless  grinding 508 

centrifugal  casting 37 

ceramic  mold  casting 36 

chemical  coatings  568 

chilled  iron 271 

chromium  coating 535 

chromium,  effect  on  corrosion 205 

chromium  irons 279,287 

chromium  plating 542 

chromizing  535 

classes  of  gray  irons  . 117 

COo  process  35 

coefficient  of  friction 171 

colonial  foundries 7 

coloring,  chemical  572 

composite  castings 447 

compressive  creep  178 

compressive  strength  (general)  ...  44 
compressive  strength,  ductile  iron  243 
compressive  strength,  gray 

iron  129, 143 

conditions  of  sale 112 

conductivity,  thermal 192 

coolants  in  machining 491 

copper,  effect  on  corrosion 203 

copper  plating 549 

core  boxes,  type 85 

core  mold  casting 36 
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effect  of  chromium 205 

effect  of  copper 203 

effect  of  molten  metals 211 

effect  of  nickel 203 

in  various  liquids 206 

corrosion  resistance 5,201,280 

corrosive  wear 164 

cost  factors 99 

cost,  machining 491 

cracking  from  internal  stresses  . . .302 

creep  of  alloy  iron  . 292 

creep  of  ductile  iron .261 

creep  of  gray  iron 177 

critical  temperature 266 

cutting  tool  grinding ,467 

cylindrical  grinding 507 


D 


damping  capacity 161,266 

damping  vs.  stress 163 

definitions 589 

deflection  calculations  52 

delivery 107 

density  200,266 

design  33 

design  advantages 12 

design  for  flame  hardening 338 

design  sequence 38 

design  tips  34 

designer’s  relations  with  foundry  . . 33 

designing  for  appearance 56 

diffusion  coatings  533 

dimensional  allowances 89 

dimensional  stability  of  ductile  iron  253 

distortion,  casting 302 

distortion,  induction  hardening  . . . 369 

distortion  in  machining 488 

draft  90 

drill  failure  causes 470 

drilling  recommendations 498 

dry  sand  casting 35 


ductile  iron,  heat  treatment 

annealing  229 

austempering 235 

hardenability  232 

Jominy  tests 232 

martempering  235 

normalizing  and  tempering 229 

quenching  and  tempering 231 

stress  relief 228,299 

surface  hardening 235 

ductile  iron,  principal  types 236 

acicular 241 

ferritic 238 

high  alloy  295 

pearlitic 238 

ductile  iron,  properties 

at  elevated  temperature 251 

compressive  strength 243 

creep  261 

dimensional  stability 253 

ductility  236 

effect  of  section 239 

endurance 248 

fatigue  248 

growth 253 

hardness  237 

impact  properties 243 

modulus  of  elasticity 243 

notched  fatigue 249 

scaling  resistance 255 

stress  rupture  260 

tensile  properties  236 

thermal  shock  resistance 257 

thermal  stability 252 

ductile  Ni-Resist 295 

ductility  (general)  45 

Durichlor  280 

Duriron 280 

E 

economic  advantages 19 

economics  of  machining 491 

elastic  modulus,  gray  iron 136 
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elastic  modulus,  valuation  with 

strength  137 

electrical  resistance 189,  262,  295 

electroplating  537 

elongation  (general)  46 

enamel,  porcelain 563 

endurance,  ductile  iron 248 

endurance,  gray  iron 144 

endurance  limit  (general) 45 

endurance  ratio 144 

engineering  requirements 107 

expansion,  thermal 194 

expendable  pattern  casting 37 

F 


G 

gages  for  casting 

galvanizing  

gas  welding  

gears  

glossary  

graphite  size  vs.  finish  . . 

graphite  structure 

graphitization,  corrosive 
green  sand  castings 

grind  finishing 

grinding  cutting  tools  . . 
growth  of  ductile  iron  . . . 
growth  of  gray  iron  . . . . 
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487 
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202 

35 
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467 
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factor  of  safety 53 

factors  affecting  cost 100 

fatigue,  acicular  gray  iron  . . 154 

fatigue,  ductile  iron 248 

fatigue,  gray  iron 144 

effect  of  heat  treatment 151 

effect  of  surface  finish 150 

effect  of  surface  rolling 150 

effect  of  temperature 154 

fatigue,  thermal  182 

fatigue  vs.  heat  treatment.  . . . 151,  382 

ferrite  480 

ferritic  ductile  iron 238 

finishes 

lacquer  554 

machine  tool 557 

resin 554 

textured  555 

varnish  554 

wrinkle  555 

flame  hardened  properties 355 

flame  hardening 334 

flame  hardening  applications 358 

flame  hardening  methods 340 

flash  welding 445 

forging  vs.  casting  costs 22 

friction,  dry  coefficient  of 171 

frictional  wear 164 


H 


hammered  finish 556 

hard  edge 316 

hard  facing 528 

hardenability  232,407 

hardening  332 

flame  334 

induction  361 

procedures  375 

quench 372 

response  407 

surface  334 

hardness  (general) 49,380 

hardness,  ductile  iron 237 

hardness  of  gray  iron 140 

hardness  vs.  machinability 494 

heat  treatment 


applications  

effect  on  fatigue 

fundamentals 

of  ductile  iron 

heat  resistance 

heat,  specific 

high  temperature  properties  of 

gray  iron 

history  of  castings 

honing 
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hot  quenching 388 

hysteresis,  magnetic 197 

hysteresis,  mechanical 161 

I 

impact  resistance 155,381 

ductile  iron 243 

effect  of  section 160 

gray  iron 158 

impact  tests 155 

induction  hardening 361 

applications  370 

equipment 362 

methods 365 

properties 367 

insert  patterns 84 

inspection  methods 70 

internal  grinding 509 

internal  oxidation 174 

internal  stresses,  causes 299 

J 

Jominy  test  232,407 

Japan  finish 561 

K 

kinds  of  foundries 75 

Kolene  process 520 

L 

lacquer  finish 554 

lapping  511 

lead  coating 525 

lead  plating 551 

lettering,  cast  on 57 

low  temperature  properties 187 

M 

machinability 50,382,461 

machine  tool 

finish  557 

maintenance 474 

material  463 


requirements  472 

machined  surface  finish 486 

machining 

allowances  90 

coolants 491 

economics  491 

power  required 473 

recommendations  494 

rigidity  472 

tool  life 475 

magnetic  properties 196,263 

martempering  235,393 

martensite  406 

martensitic  white  irons 276 

match  plate  24 

matrix  microstructure 480 

metal  coatings,  hot  dipped 520 

metallizing 517 

microstructure,  effect  on  wear  ....  168 

microstructure  vs.  hardness 142 

microstructures 316 

bainite 405 

ductile  iron 479,485 

flame  hardened  346 

gray  iron 478 

malleable  iron 478 

martensite  406 

matrices  480 

pearlite  405 

steadite  170 

white  iron 477 

milling  tool  life 483 

milling  recommendations 495 

Model]  number 167 

modulus  of  elasticity 

ductile  iron 243 

effect  of  temperature 184 

general  44 

gray  iron 136 

modulus  of  rupture 132 

molten  metals,  corrosion  by 211 

mottled  iron 316 

mounted  patterns 82 
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N 

nickel,  effect  on  corrosion 203 

nickel  irons 281,288 

nickel  plating 538 

Ni-Hard  276 

Ni-Resist  281 

Ni-Resist,  ductile  295 

non-magnetic  irons 294 

normalizing- ductile  iron 229 

normalizing  gray  iron 318 

notch  sensitivity  and  fatigue 147 

notched  fatigue,  ductile  iron 249 

O 

organic  finishes 553 

organic  finishes,  classification  . . . .554 

overstressing  and  fatigue 148 

oxidation  resistance 288 

oxide  coatings 568 

P 

patterns  23,79 

pearlite  481 

pearlitic  ductile  iron 238 

permanent  mold  (ill.) 80 

permanent  mold  castings 36 

phase  diagram 397 

phosphate  coatings 570 

phosphide  carbides,  micro 170 

phosphorus  and  wear 170 

pipe  & fittings  specifications 98 

pitch  coating 561 

plastic  work 139 

plating 

brass  552 

cadmium  546 

copper  549 

lead  551 

nickel 538 

zinc  547 

Poisson’s  Ratio,  gray  iron 139 

porcelain  enamel 563 


pressure  welding 446 

price  quote,  type  . 105 

properties  (general) 29,43 

after  tempering 379 

flame  hardened  355 

induction  hardened 367 

low  temperature 187 

purchasing  castings 99 

purchasing  requirements 107 

Q 

quality  level 103 

quantity,  purchase 104 

quench  hardening 372 

quenching  ductile  iron 231 

R 

reaming  recommendations 500 

resin  finish 554 

resistance,  electrical 189,  262 

rigidity  14 

rolling  wear 164 

S 

S-curve  391,401 

scaling  of  ductile  iron 255 

scaling  of  gray  iron 175 

scaling  resistance 290 

section  effect 60 

section  effect,  ductile  iron 239 

section  effect,  gray  iron 127 

semi-steel (see  glossary) 

SG  iron 227 

shear  strength,  gray  iron 140 

shell  mold  castings 36 

Sherardizing  537 

shrinkage  allowances 90 

silicon  irons,  high 279,285,296 

silver  (solder)  brazing 441 

skin,  machining  properties 486 

softening  315 

soil  corrosion 210 

soldering 444 
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specific  gravity 266 

specific  heat 201 

specifications  95 

spherulitic  graphite  iron 227 

sprayed  metal  coatings 517 

standard  specifications 95 

strain  gages 54 

strength  381 

strength  and  deflection  calculations  52 

strength,  heat  treatment  for 332 

stress  relief 

ductile  iron 228 

gray  iron 299 

recommended  temperature 309 

time  vs.  temperature 306 

stress  rupture  of  ductile  iron 260 

stress  rupture  of  gray  iron  180 

stresses,  internal  causes  299 

stress-strain  characteristics, 

gray  iron 135 

summary  of  specifications 96 

surface  finish,  effect  on  fatigue  . . .150 

surface  finish,  machined 486 

surface  grinding 504 

surface  hardening 334 

surface  hardening,  ductile  iron  . . . .235 
surface  rolling,  effect  on  fatigue.  . .150 


T 

tapping  recommendations 501 

temper  carbon 478 

tempering  229,  379 

tensile  properties  (general)  43 

tensile  strength,  ductile  iron 236 

tensile  strength,  gray  iron 117 

effect  of  composition 118 

effect  of  microstructure 123 

effect  of  section  size 127,  160 

vs.  hardness 142 


tensile  strength,  white  and  high 

alloy  irons  . . .273,  280,  286,  293,  296 
tensile  strength  at 
temperature 183,259,291 


terms  and  conditions  of  sale 112 

terms,  definitions 589 

textured  finish 555 

thermal  conductivity 192,266 

thermal  expansion  194,265 

thermal  expansion,  low 294 

thermal  shock  resistance, 

ductile  iron 257 

thermal  stability,  ductile  iron 252 

thermit  welding 443 

threads,  cast-in 58 

tinning  520 

tolerance 89 

tool  material  selection 463 

tool  life  in  milling 483 

tool  life  in  turning 484 

torch  cutting  454 

torsional  strength,  gray  iron 140 

toughness  155 

transformation  curves 391,401 

transition  temperature,  impact  . . . 244 
transverse  properties,  gray  iron  . . . 131 

tungsten-arc  welding 437 

turning  recommendations 495 

turning  tool  life 434 

types  of  cast  iron 44 

types  of  castings 35 

U 

understressing  and  fatigue 148 

V 

varnish  finish 554 

vibration  absorption 51,  161 

vitreous  enamel 563 

W 

water  pipe 208 

water  pump  impellers 213 

wear  resistance  (general) 50 

wear  resistance 164,  273,  380 

heat  treatment  for 332 

wear  vs.  microstructure 168 
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wear  vs.  other  properties 
weathering  castings 
welding 

arc  

arc  braze  

braze  

brazing  

carbon  arc  

filler  rod 

flash 

flux 

gas  

gray  iron 

nickel  rod  

pressure  


steel  electrode 434 

thermit  443 

tungsten  arc 437 

weldment  vs.  casting 18 

weldment — casting  costs 21 

white  iron 271,316 

wrinkle  finish 555 


Y 


yield  strength  (general) 45 

Z 

zinc  coating 523,537 

zinc  plating  547 
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